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This report provides data and guide lines which will enable
circuit designers to asgess and design for the effects of radiation
on space power subsystems. Radiation effects on resistors, capacitors,
bipolar transistors, diodes, integrated circuits, MOSFET's, SCR's and
other electronic components are included. In addition, a section on
catastrophic failure in semiconductors dealing with latch-up and burn-out
is presented. Radiation effects on plastic and elastomeric materials
comsonly used in space systems are given. Variouz system and circuit
hardening concepts for the electronic circuit designer are presented.
Part II, a classified supplement not included in this volume, contains
information on the radiation environment, shielding techniques,
radiation effects cn metals and alloys and solar cells, and thermo-

mechanical effects.

iii

Nl W S A R




v .umnuugfzﬁﬁgéyaizimgaﬂ} o

.
A4

H

PAGE

BLANK

20 i i




TABLE 5T CONTENTS

FOREWORD
ABSTRACT

TABLE OF CONTERTS
LIST OF FIGURES
LIST OF TABLES

1.0 INTRODUCTION

2.0 DESCRIPTION OF COMPONENT EFFECTS
2.1 Resistors
2.2 Capacitors
2.3 Bipolar Transistors

2.3.1 Calculating Transient Effects
Calculating Permanent Effects
Estimating Transient Effects
Egtimating Permanent Effects
Surface Effects

M WMN

3.
3.
.3.
3.

NN

2.3.5.1 Passivated and Unpassivated Devices
2.3.5.2 Radiation Effects in the Unpassivated
Device
2.3.5.3 Radiation Effects in the Passivated
Device
2.3.5.4 Device Selection Recommendations
2.3.6 Beta Annealing

2.4 Diodes
2.5 Integrated Circuits

2.5.1 General Discussion
2.5.2 Permanent Damage Effects

2.5.2.1 Gates
2.5.2.2 Flip-Flops

2.5.3 Transient Effects

E

i1
11l

viii

xiv

2-1
2-4
2-6
2-8

2-8

2-22
2-23
2-25
2-39

2-40
2-42

2-49
2-50
2-54

2-56
2-61

2-61
2-62

2-63
2-63

2-72




2.6

2.7
2.8
2.9

TABLE OF CONTENTS (Continued)

Catastrophic FPaiiura

2.6.1 PNPN Larch-Up

2.6.2 BSecond Breskdown Latch-Up
2.6.3 Thin Film lntercounnect Burn-Out
2.6.4 Bonding Wire Eurn-Out

2.6.5 Junction Damage

2.6.5.1 Effects of Circuit Resistance
2.6.5.2 Typlcal Circult and Component
Registances

2.6.5.3 Experimental Studies

2.6.5.4 Theoretical Studies

2.6.5.5 Radiation Studies
MOSFET's

Silicon Controlled Rectifiers
Solar Cells (See Classified Supplement)

2.10 Other Components

3.0 MATERIAL EFFECTS (See Classified Supplement for

3.1

3.2

Additional Information)
Mechanisms

3.1.1 Atomic Displacements
3.1.2 Atomic Ionization
3.1.3 Thermomechanical Effects

Organics

3.2.1 Elastomers
3.2.2 Plastics

3.2.2.1 Fluorethylene Polymers
3.2.2.2 Cellulosics

3.2.2.3 Polyamide (Nylon)
3.2.2.4 Polyesters (Unfilled)
3.2.2.5 Amino Resins

3.2.2.6 Polymide

3.2.3 Organic Fluids

vi

g

2-8?7
2-87
2-92
2-94
2-97
2-99

2-99
2-103
2-106

2-121
2-127

2-136
2-138

2-145




TABLE OF CONTENTS (Continued)

Page
4.0 GENEBRAL SYSTEM AND CIRCUIT HARDENING CONCEPIS 4-1
4.1 Description 4-1 :
4.2 Linear Circuits 4-6 ?
4.3 Nonlinear Circuits 4-11 :
4.4 Photocurrent Compensation 4-16
4.5 Filtering 4-20
4.6 Charge Control 4-24
4.7 Reduction of Time Constants 4-28
4.8 Magnetic Devices 4-31
4.9 Summary 4-31
APPENDIX 1 TABULATED TRANSISTOR RADIATION EFFECTS DATA A-1
REFERENCES R-1
BIBLIOGRAPHY B-1

vii




LIST OF FIGURES

Iitle
Significent Nuclear Weapon Radiation Components

Types of Radistion Effects on Electronics

Relative Susceptability of Components to Circuit Failure
In Ionizing Environment (108 rad(Si)/s)

Susceptability of Components to Circuit Failure in a
Neutron Enviromment

Systea Trangistor Failure as a Function of Neutron Dose
Equivalent Model of a Resistor Under Irradiation
Equivalent Model of a Capacitor Jrder Irradiation
Bipolar Traasistor in Radiation Induced Seturatiom

Simplified Equivalent Circuit of an NPN Transistor
Under Irradiation

Depletion Width as a Function of V, at Avalanche and b
OW as a Function of Vy at Avalanche and b

r vs Stored Charge at Various AW's

Diode Storage Time Measurement Circuit

Transistor Radiation Storage Time Model

Radiation Storage Time Nomograph

Beta Degradation vs Neutron Dose for Typical Transistors
Primary Photocurrent (1pp) vs fp

Primary Photocurrent (ipp) vs 2o (Silicon Transistors)
Primary Photocurrent (ipp) ve Pn (Germanium Trausistors)
Radiation Storsge Time (tgp) s fp

Radjation Storaze Time (tsk) vs P (Silicon Transistors)
Radiation Storage Time (tsR) vs Po (Germanium Tranzistors)

Normalized hFE Degradation as a Function of fp and
Neutron Dose

Gain versus Gamma Exposed for a PNP Ge Alloy 2N396A
Transistor

Gain Degradation of a PNP Si Mega 2N1132 Transistor

vitid

2-9

2-13
2-15
2-16
2-17
2-21
2-21
2-24
2-26
2-27
2-28
2-29
2-30
2-31

2-38

2=45
2~46




2-24
2-25

2-26

2-27

2-28

2-29
2-30
2-31
2-32

2-33

2-34
2-35
2-36

2-37
2-38
2-39
2-40
2-41

2-42
2-43
2-44
2-45

LIST OF FICURES (Continued)
Iitle

Radiation Damage of a PNP Si Alloy 2N1676 Transistor

Radiation Damage of a NPN S{ Diffused Junction
2N1248 Transistor

Effect of iation on Leakage Current of a 2N2222
Transistor

Effect of Radiation on Leakage Current of a 2N2801
Transistor

Annealing Factor of Transistors as a Function of Time
After a Neutrcn Pulse

Primary Photocurrent vs Q for Various Dicdes
Primary Photocurrent vs Io
Bagic Gate Circuits

Degradation of Trigger Threshold Level for ac Coupled
DTL Flip-Flops

Degradation of Trigger Threshold Level for dc¢ Coupled
DTL Fiip-Flops

Degradation of Trigger Threshold Level for RCTL Flip-Flops
Degradation of Trigger Threshold Level for RTL Flip-Flops

Degradation of Trigger Threshold Levsl for One-Shot
Multivibrators

Output Response vs Dose Rate for the DTuML932 (0 Stste)
Output vs Dose Rate for the DIuL932 (1 State)

Current Surges vs Dose Rate for the DiWL932 (1 State)
Current Surges vs Dose Rate for the L1932 (0 State)

Transistor Secondary Photocurrent vs Dose Rate for
the DIWLI32

PN Junction Isolated Integrated Circuit
Equivalent Circuit for Latch-Up
Trangistor Second Breakdown Characteristic

Current vs Pulse Width Burn-Out Thresholds for 0.55 mil
Metallization (A Geometry)

ix

R i R 4

E

2-47

2-48

2-53

2~53

2-55
2-58
2-60
2-64

2-70

2-1N
2-73
2-74

2-75
2-76
2-77
2-78
2-79

2-80
2-89
2-91
2-93

2-98

b4
H
.
H

s ARSI

e




Number

2-47

2-4

2-49

2-50

2-51

2-52

2-53

2-54

2-55

2-56

LIST OF FIGURES (Continued)

Iitle

Curreat vs Prulse Width 3urn-Out Threstolds for 0.55 =1
Metallization (B Geometry)

Equivalent Semiconductor Circults at Righ Dose Rates

Theoretical Failure Curves for Silicon Junctions for
Reverse Polarity Voltages

Experimental Data Points for Pajlure cf the Ancde-Cathode
Junction of a MC-357 Diode for Reverse Polarity Yoltage
Pulses

Experimentsl Data Pnints for Failure of the Anode-Cathode
Junction of 1N459 Diode for Reverse Polarity Voltage
Pulses

Experimental Data Points fcr Faiiure of the Anode-Cathode
Junction of a 1R4&2A Diode for Reverse Polarity Ycitage
Pulses

Experimental Data Points for Failure of the Anode-Cathode
Junction of a 1N1$95 Diode for Reverse Polarity Voltage
Pulses

Experimental Data Points for Fsilure of the Base-Emitcer
Junction of a 2N2222 Transistor for Forwail zid Reverse
Polarity Voltage Pulses

Experimental Data Points for Fallure of the Base Emitter and
Collector-Emitter Juncticns of a 2N1132 Transistor for
Forvard and Reverse Polarity Voitage Pulses

Experimental Data Points for Failure of the Base-Emitter
Junction oy a 25699 Transistor for Reverse Polarity Voltage
Pulses

Lxperimental Data Points for Failure of the Base-Emitter
Junction of a 2N498 Transistor for Reverse Polarity Voltage
Pulses

A Composite of Experimental Dats Points for the Failure of

the Anode-Cathode Junction for Six Diodes. Intercomparison
is Made By Plotting Power Per Unit Area vs Pulse Duration.

Also shown are the theoretical failure curves

2-98
2-101

2~-102

2-109

2-110

2-110

2-111

2-111

2-112

2-112

2-114

2-114




2-38

2-39
2-60
2-61

2-62

2-63

2-65
2-56
2-67
2-68

2-69

2-70

LIST OF TiJIRES {Centizued)
Title

A Composite of Experizes:zi Data Points fc- tie Pailure

of the Base-Ezitzer Junction for Eight Transistors. Iater-
comparispa is Made by Plotting Power Per Uait Area vs

fulse Duration. Also shcum are the theoretical fallure
carves.

Traasistor Power Rating vs Collecicr-Base Juaction Area
Diasde Forward Curren: Rating vs Junction Area

A Composite of Experimentai Data Points for whica No Failure
was Achieved f£:r the Arode-Cathode Junction for Tea Large
Area Diodes. Interccaparison is made by Plotting Power Per
Upit Ares vs Pulse Dursrion. Alsc shown are the theoretical
failure curves.

Plots of the Semi-Ympirical Failore Equations Obtained from
Theory and tae Experimertal Data Points

A Comparison of Experimental Dats Points for 2 2N2222
Transistor aad Points from a Paper by Davis ind Gentry.
Xlso shown are the theoreticai fallure curves from this
paper and the curve by Davis and Gentrv.

Thermal Equivalent Circuit
Simplified Equivalent Circuit
Peak Power Dissipation for Silicon Trarmsistors

Circuit Used for Measuring Secondary Photocurremt (i_ )

?p2
Power Dissipation vs Pulse Width for Radiation induced
Burn-Out for Various Transistors

Comparison of Wursch and Bell's and Bughes Radiation
Induced Burn-Out Data

Pulse Pcwer vs Pulse Width for Elecirical Burn-Out of IC
Kit Parts

Comparison of Wursch and Bell's and Hughee Electrical
Burn-Out Data for IC Kit Parts

SCR Radiation-Induced Switching Threshold

SCR Circuit Configuration

xi

2-115
2-116
<-118

2-119

2-119

2-120

2-122
2-126
2-128

2-133

2-134

2-135
2-140
2-140




LIST OF YiGURES (Continued)

Bamber Iitle Page
2-74 t; Heasurement Circuit xnd Waveforms 2-142
2-75 Photocurrent-Switching Time Correlation 2-143
2-76 Neutron Dose Effects on Various SCB. Parameters 2-144
2-77 SCR Current Limiting Circuitry 2-146
3-1 Relative Radiation Stability of Elastomers 3-5
3-2 Relative Radiation Resistance of Thermoplastic Resins 3-7
3-3 Relative Radiation Stability of Thermosetting Resins 3-8
3-4 Approximate Toleranze of Lubricants to Gamma Radiation 3-14
4-1 Telemetry Bacoder Circuitry 4-3
4~2 Motor Comntrol Circuitry 4-3
4-3 dc~dc Converter Circuitry 4-5
4-4 Diode-Capacitor Circuitry &4-3
4-5 Prolongemert of Circuit Recovery Time 4~-10
4-6 Circuit for Compensation of Primary Photocurrent 4-17
4-7 Ci.cuit for Compensation of Secondary Photocurrent 4-17
4-8 Circuit for Compensation of Photocurrents and Noise 4-19
4-9 Circuit for Shunting Primary Photocurrent Around the

Collector Impedance 4-19
4-10 Circuit for Shunting Primary Photocurrent Around the Base-

Exitter Impedance 4-21
4-11 Circuit for Shunting Primary Photocurrent Around the

Emitter Load 4-21
4-12 Sample /Hold Circuitry 4-23

xii




4-13
4-14
4-15
4-16

11ST OF FIGURES {Continued)

Title

Equivalent Circuit of a Capacitor During Irradiation
Capacitor Radiation Response vs Capecitor Value
Transient Response vs Capacitor Initial Conditions
ac Coupled Ampi_.fier for Testing Transient Recovery

xiii

Page

4-27
4-27
4-29
4-29

e '¥E
cdye "ffér\ﬁm?:““l%*!



2-2

2-3

2-8

2-9

2-10

2-11

2-12

2-13

LIST OF TABLES
Iitle

Typical 1PP at 108 rad(S1) /s
Meagsured Transistor Equilibrium Photocurrent
Heasured Transistor Photocurrent and Radiation Storage Tiwme
Radiation Test of Unpassivzted Devices
2N2222 NPR Silicon Planar Transistor
2N2801 PNP Epitaxial Plenar Transistor

Meagsured Diode Eguilibrium Photocurrent at Three Reverse-
Biasg Voltages

Critical Radiation Thresholds for Damage Failure ia DTL
Gates for Fan-Dut of 10

Critical Radiation Thresholds for Damage Failure in RIL,
RCTL Gates for Fan-Out of 15

Summary of Microcircuit Failure Levels

Normalized Degradation of Loading Capability for DIL Circuits

After 2.7 x 1014 n/em? (E > 10 keV)

Critical Radiation Thresholds for Transient Radiation
Effects for RTL, RCTL OFF Gates. Averages of Four Circuits
of Each Type

Failure Threshols Levels for RIL and RCTL Flip-Flops

xiv

2-44

2-51

2-52

2-59

2-65

2-66

2-67

2-69

2-83

2-84




LIST OF TABLES (Centinued)

Nymber Title Page
2-14 Critical Radiation Thresholds for Transient Radiation

Effects for DIL Gatez., Averages for Four Circuits of

Each Type 2-85
2-15 Failure Threshold Levels for DTL Flip-Flops 2-86
2-16 Interconnect Burn-Out Current 2-96
2-17 Integrated Circuit Radiation Induced Currents 2-99
2-18 Typical Diode Semiconductor Resistances under Irradiation 2-105
2-19 Wire Resistance 2-106
2-20 Trensistor Thermal Charactaristics 2-125
2-21 Device Failure Modes Due to Doge Rate Effects 2-130
3-1 Comparison of Air ard Vacuum Effects on FEP Teflon 3-10
4-1 Transistor Burn-Out Current and Time 4-4

xv




1.0 INTRODUCTION

One cf the oblectives of this program is to provide data and
guide lines (a handbook) which will enable circuit designers to assess
and design for the effects of radiation on space power subsystems. It
is sssumed that the designers are not particularly knowledgeable in
radistion effects technology. Therefore, the proposed handbcok will
confain, in addition to design data, a sufficient amount of background
end tutorial material to insure that the circuit designers are made
aware of the problems associated with designing circuits to operate in

a nuclear radiation environment.

The survivability of a apace power subsystem exposed to a
nuc lear detonation depends on the interaction of the nuclear radiations
with the components, c¢ircuitry, and subsystems. The significant
components of the nuclear radiations and their effects are illustrated
in Figure 1-1. Usually, the radiation effects of concern caused by

these components are:

. Transients due to ionizing radiation.

. Permanent degrac:tion due tc neutron and ionizing

radiation fluence.

. Catastrophic failure caused by rate of energy
deposition.

The ionizing radiation is an intense radiation pulse of hich
dose rate and short time duration. This radiation interacts with
tattec through the Compton, photoelectric, and pair production processes.

The interaction with the components and materials that constiftute an
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electronic system result in charge redistribution throughout the
system. Currents will flow during this pulse anid, in many cases,
continue to flow after the pulse terminates. Degradation due to the
radiation fiuence (integrated dose) to materials and components is due
to displacement of atoms within the materfal. The neutron component
is the predominant producer of displacements and affects semiconductor
materials in particular. The ionizing radiation can also cause

damage through high energy deposition resulting in catastrophic failure.

Typical radiation-induced system effects are shown in

Figure 1-2 and are classified below:

. Transient rate effect: In this case the electronic
response exhibits a time history which is characteristic

of the radiation pulse.

. Transient relaxation effects: This effect exhibits a
maximum chenge immzdiately after the radiation pulse.
The relaxation effect then recovers from tha disturbed
state with inherent system time constants. Circuit
and system recovery in this case may take milliseconds
even though the initial disturbance was created by a

radiation pulse of less than & microsecond.

. Direct and indirect permanent effects: P'--ct permanent
effects are due to material and componen. uamage within
the system and are not correctable or vepairable in
times of interest to the system mission. Indirect
rermanent effects include component burnout due to
high current transients (catastrophic failure). Other

indirect effects, such as those which might be ohserved

1-2
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in digital systems are those which cause an electronic
change which cannot be corrected (because of inaccessi-
bility) during times of interest for the system. For
instance, the change of state of a memory element or
digital control system is an indirect permanent effect.
This type of effect could be reversed or erased if the

system were accessible through manual or remote control.

The particular iype of effect generated by the nuclear
environment will depend upon the specific operational mcde of the
system at the time of exposure. The significant transiert inter-
actions occur in circuitry which is powered and operating a+ the
time of exposure. However, even without n¢-.:r, currents are generated
(in any material) due to secondary electron emission and absorption.
The direction of these currents is uncertain because they depend on
the equilibrium established hetween electrones absorbed from the
incident radiation and eiectrons emitted from the exposed material.
Equilibrium condition is a function of the incident spectrum and the
geometry of the situation. Typically, for a fission gamma ray spectrum,

the emitted charge (q) can be calculsted from the following equation:

1

Q = vA5x 1072 (coulombs) (1-1)

where Y = dose rate rad(Si)/s

= expoged aresz in cm2

>

This emitted charge can be replaced to a greater or lesser
degree by absorbing charge emitted from surrounding material. Circuit

equilibrium will be established b, a current flow. I. the electronics

1-4
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are powered, these replacement currents can cause significant effects;
however, these effects may nct be prime survivability factors in a
nuclear weapon enviromment; {.e., active semiconductor devices produce
photocurrents which are usuaily of much larger magnitude than the
replacement currents, even though the latter are important for inter-

preting snalytical or experimental results.
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2.0 DESCRIPTION OF COMPONENT EFFECTS

Figure 2-1 shows the relative threat to normal circuit opera-
tion of a wide variety of electronic componenzs operated in an ifonizing
radiation environment. Both active and passive components exhibit
transier. responses as a function of high dose rate radiation pulses
due to internal and external ionization leakage and scattering as a

result of Compton and photoelectric eifects.

Figure 2-2 shows the threat to circuit operation of similar
electronic components exposed to fast neutrons. Lattice displacements,

due to accumulatzd neutron dose, cause permanent parameter degradationm.

Both Figures 2-1 and 2-2 show passive components %o be less
sensitive to tne radiation environment. Within a given type of
component, a choice should be made to select the technology or
construction technique least affected by the environment. lor
instance from Figure 2-i, solid core carbon composition resistors are
superior to carbon film air core resistors. Active compcnents are by
far the most sensitive to transient and total dose radiation effects.
Semiconductors are the most sensitive of the active components, but
utility, space, and power requirements dictate that semiccuductors
be used in most system designs. Radiation effects in semiconductors
must be minimized by careful component selection and circuit designs

that consider the maguitude of component responses and effects.

One of the most important component electrical parameters
effected by radiation is the transistor current gain parameter 8.
Figure 2-3 1illustrates the effects of neutron damage to a representa-
tive unhardened system. The system damage coumences at & neutron

11 2

fluence less than 107 n/cm”. Approximacely 18% of the transisters

2-1
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fail (SOL loss of 3) at 10u nic:z (these types cf devices sre pover
transistors with a gain bandwidth product (ft) of less then spproxi-
mstely 10 MEz.) Devices of this frequency and power range are
generally ased in power subsystems.

2.1 Resistors

Resistors exhibit transient responses due to external foniza-
tion leskage in the meterial surrounding (or inside) the resistor, and
the charge scattering into or from the resistor asterial results in
net r~placement currents. These effects are illustrated by the model
in Pigare 2-4. The replacement current is represented by the current
generator (1) injected into the center of the resistor and the
ionization is represented by a radiation induced shunt leakage
Tes{stance (ls). Representative expressicns for c?igullting worst
case 1 and Rs for two types of resistors sre shown. "These resistor
types represent th: vorst (metal film) and best types for use in a

radiation envircnownt.

Resistor effects and some general guidelines are summarized

below:
Resistor effects persist only during the radiaticrn pulse.
Resistor effects will generally be negligible in any
circuitry under consf’.:ration since semiconductor
effects will normally predominate.
No permanent damage to resistors will be sustained due

to {onizing radiation or neutron fluence in most

environments.
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Potting material will reduce the leakage effects. The
values of R, and the expressions for calculating R,
listed in Figure 2-4 are for the worst case condition (air

environment).

Use solid core carbon composition resistors wherever

possible.

Use the lowest values of resistsnce possible consistent

with power considerations.

When metal film or wire wound resistors are necessary,

use solid rather than air core spool types.

The current (I) may flow into or out of the resistor.

2.2 Capacitors

Capacitors exhibit ionizatiou leakage and replacement current

effects due to jonizing radiation similar to the effects in resistors.

& capacitor modei and representative worat case parameters are shown

in Figure 2-5,

(1)

The replacement current is represented by the current

generator (I) on each side of the capacitor and the ionization is

represented by the radiaticn induced leakage resistance (RL)'

Capacitor effects and general guidelines for capacitor selec-

tion and application are summarized below:

The major ionization leakage and replacement current effects
persist only during the radiation pulse. Some long term
leakage effects persist for time periods after the irradia-

tion and may be significant in some cases.
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wvhere

Potting material will reduce capacitor effects by

decreasing injected currents.

Mica, ceramic, glass, tantalum oxide, mylar, aluminum
oxide, and vitamin Q capacicors are best choices.
Cersmic is the best choice for small capacitors and

tantalum oxide is the best choice for large capacitors.

Keep capacitor values as low as possibla and capacitor
voltages as low as possible consisternt with design

goals.

The voltage change on a capacitor due only to internal
leakage will be relatively small. Voltage change can

be calculated from the following expression:

V o= V_ exp(- x/xc) (2-1}
V = voltage remaining sfter the radiation pulse

Vo = jnitial voltage

X = absorbed dose in rad(Si)

x, = 105 for mylar and 106 for ceramic and mica capacitors

For example, at a dose rate of 5 x 109 rad(Si)/s and a pulse width of

-.00015

30 ns the voltage change is negligible since V = Vo e ) Vo.

11

Even at a dose rate of 5 x 10~ rad(Si)/s the change in voltage for

ceramic capacitors is only 2%.

2-7
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2.3 Bipolar Transistors

2.3.1  Calculating Transient Effects (1,2,3,4)

During exposure to a high dose rate radiation pulse, the
predominate effect in semiconductors is due to internal ionization
effects. This internal fonizstion results in the creation of hole-
electron pairs and effectively produces an internal current generator
whose magnitude is dependent on the incident radiation level. The
radiation-induced current is referred to as primsry photocurrent
(ipp) and i{s observed as the change i{n the leakage current (AICBO)
which flows across a reverse biased collector-base or diode junction.
For bipolar transistors, a secondary photocurrent also occurs. This
iz the collector-emiiter current that flows as a result of ipp being

multiplied by the transistor current gain.

An additional effect in bipolar transistors, defined as
radiation storage time (tsR)’ occurs when the transistor is driven
hard into saturation. Saturation will continue in this case after
the radiation pulse terminates. The prolonged saturation time is tsR'

These concepts are illustrated in Figure 2-6. A simplified
equivalent circuit for an NPN transistor in radiation-induced satura-
tion 1s illustrated in Figure 2-7. The primary photocurrent (1pp)
splits into Ix and AIB at the point of injection. The current
divigsion will depend on the impedances in the two paths. The
collector current will be limited at saturation by external circuitry,
and any overdrive available in 1PP will extend the saturation time by
tsR' Note that Ix may serve as & forcing function to excite external
reactive circuitry and prolong the disturbance for times longer than

thuse due to radiation pulsewidth and tr" In circuits containing

2-8
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high impederces in the base circuit, moat of 1pp will flow intc the
transistor. Note that the transistor saturation is usually independent
of base circuitry. An effective way of reducing the saturation effect
is to use a radiation controlled current gink on the transistor base

; =1 > 0.
which effectively makes 1pp Ix IB

From a design standpoint, photocurrent generation is signifi-
cant between 103 and 1012 rad(Si)/s. At high radiation dose rates
(1012 rad(S1)/s), photocurrents generated will cause saturation of
nearly all circuits. At 108 rad(Si) /s photocurreats in low-level,
high-speed devices will be 10 microsamperes or uore as illustrated in
Table 2-1.

TABLE 2-1 Typical ipp at 108 rad(S1) /s

Device o

Fairchild Developmental TTL Device 10 microamperes
2N2369 14 microamperes
2N2784 30 microamperes
2N709 40 microsmperes
2N918 65 microamperes
2N914 150 microamperes
IN2222 1.4 milliamperes

(2) (3,4)

Techniques are available for predicting tsR and 1pp

for low power transistors. ipp is a linear function of dose rate and

tsR is an exponential function of dose rate. The radiation parameters

ipp and t.g T predicted using device electrical parameter (stored

R
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charge or storage time, avalanche voltage, and capacitance vs voltage

parameters) values.

For example, transistor equilibrium photocurrent (1ppc) is
related to transistor high-current storage time (t.) by the following

equation (Pc < 0.8 W)(3):

K
{ ~a, ~—2X ¢ 4 .03) (2-2)
PPC ~ CBO " g3, 108 8

vhere: AI is the radiation-induced change in collector-base

CBO
leakage current in mA
Y is the radiation dosz rate in rad(Si)/s
ts is in us and measured with IB = 100 mA, 5 Ws pulse;
ICS = 80 mA
K = 1,0 mA/rad for Si NPN planar and mesa transistors,
2.0 mA/rad for Si PNP planar and mesa transistors, and

4.0 mA/rad for Ge PNP meas transistors (PT < 0.8W)

Statistical confidence levels have been established for the
Si NPN prediction constant, K. For PNP devices, the constants have
been developed from theory and limited experimental data. For Si NPN
transistors, Equation 2-2 will predict equilibrium photocurrents within
+ 30 to ¢+ 60 percent of the true value. This aécuracy can be compared
with the * 10 to T 25 percent accuracy for an actual photocurrent
measurement, referenced to a given radiation rate. For a given rate,
acctual photocurrents produced by a given type transistor may range

over more than a 4 to 1 spread.

2-11
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Transistor and diode equilibrium and nonequilibrium photo-
currents can 8isc b2 nredicted from device electrical pareaeters using

the following te¢hniques(4)

Messure capacitance versus voltage characieristics. Plct
cspacitance versus Junction* voltage data using log-~log scale
(Junction voltage = reverse bias voltage at terminals plus junction
energy gap voltage of 0.72 volt). Dietermine logarithmic slope (b)

as followvs:

log.. C -~ log., C
b = 10 1002 10 °1 (2-3)

Measure dc avalanche voltage (VA) at 100 uA reverse leakage

current. Calculate junction voltage at avalanche (VB)

VB = VA + 0.72 (2-4)

Using Figure 2-8 enter at the VB value and slope (b) from

step 1. Read depletion width at VB = 1.0 volt (vl).

Calculate junction area, A,

A = 1 1 (2'5)

*The term junction refers either to the diode junction or to the

transistor collector-base junction.
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vhere 4 lo (S1) = 1.044 pFP/ca

Deternine minority carrier lifetime. Measure junction stored
charge Q) for a forward current of 0.1 mA (use method 4061 of
MIL-STD-750) as noted by Reference 4. Read lifetime (To.l) using
charts of Figures 2-9 and 2-10.

Yor diodes, if 0.1 < 20 microseconds, measure junction
storage time, t, using the test setup in figure Z-11. The storage
time measurement technique differs from the usual diode reverse recovery
messurement arrangement in that the diode is quiescently in the reverse
biased condition and is turmed on by the input pulse. This method
sllows use of higher forward currents without damage to diodes since
the average current is much smaller thsn in the usual arra jement.

Using the measured t. calculate lifetime (-r.) from the relation

s " 2 I 2 (2-6)
[‘“ (If +1 )]
b o

For trangistors, if 10 1< 160 ns, wmeasure collectcr-base storage time
(t;d)’ and calculate sd using Equation 2-6. This combined ‘rs(or -r'd)

and 0.1 method maximizes the accuracy of prediction and the simplicity

of measurement.

Calculate diffusion length, L

L = o (2-7)
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wvhere D is the diffusion constant (D = 12.9 CIZ/l for intrinsic
silicon). Use To.1 °F Tg° For highly doped devices, the diffusion
constant must be corrected for the effr:t of the impurity concentra-
tion, i.e., determine the effective I’. The correction will probstly
be negligible for diodes with VA > 500 volts. Reference & gives an
iterativ. procedure to determine the effective D, and hence the

effective L.

Calculate depletion width (w) at the voltage of interest

AR A vB°b (2-8)

vhere VB = reverse bias termina) voltage plus 0,72 volt

Calculate 1
PP
1pp - qy‘ [v + L erf‘vlf-_u(t) - w4+ Lerf ’t - tg-}u(t - tp) (2-9)
l | T

where qg = 6.36 x 1075 ¥

For silicon material, to = radiation pulsewidth:, and Y = absorbed dose

rate in rad(Si)/s, when:

t >, 1pp = equilibrium photocurrent = AI (for transistors)

= qgA(vw + L).

CEBO
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FPor corrections for transistor ipp predictions, at times less
than the effective minority carrier lifetime in the collector (t < 1),
the collector-base diffusion component (ipp base) becomes important.
Nonequilibrium photocurrent calculated from Equation 2-9 for t < v

should be corrected by the addition of 1pp (base). The ipp (base) 1is
given by

1pp(b¢sc) - (9.1058)(10).5 ﬁ A ,I; amperes (2-10)

or

-S o
1 (base) = 534931?%2:—1J!4& smperes (2-11)
PP T

v

Te is the corrected base transit time in seconds measured with the
transit time bridge described by Aahargs) fT is the measured gain
bandwidth product of the transistor in Hertz. Y is the dose rate in
rad(Si)/s and A is the junction area in cmz.

Radiation-induced photocurrent in transistors tends to turn
the transistor ON., At a critical dose rate level, the transistors used
in most circuit applications will saturate due to secondury photocurrent.

The extensicon of saturation time (beyond the radistion pulsewidth) has
been defined as radiation storage time (t

) and can be predicted using
(2) sk
the following techniques™“’.

The transistor model in Figure 2-1Z describes transistor
operation in the saturation condition. The effect of radiation is t»
charge the storage element (S), This charge st the end of the radiation

2-19
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pulsewidth (tp) is 3

A

Q-.

vhere

T = collector minority carrier lifetime

-t [+ 1
AICDO (} -e P ) cS

+1

A = equilibrium photocurrent

1 = collector saturation current

Storage time will persist until Qln discharges to zero.

Storage time {s calculated from the following expression:

t!R s «~ln

A nomograph developed to solve Equations 2-12 and 2-13 is

shown in Figure 2-13.

open-base storage time (t.Rf) to the transistor electrical storage

time, t, (at IB = 100 mA, 5 us pulse, and 1

The procedure for deteimining ty

p-

%

T

I, +1
, S8 nz_IB
hoy + 1 2

.

Ies + Iyp

—_—= = 1

hFB +1 B2

= base current at end of radiation pulse.

e

(2-12)

(2-13)

Also included in this figure is a chart relating

R
storage time t.; 2) measure pulsed hPB at Ic = 20 mA; 3) calculate

1) measure electrical

I. and IB2 for the particular circuit of interest; 4) enter nomograph

Cs
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and calculate t . st the dose rate and pulsewidth of interest; and

sk
5) {f lcs snd Ilz are not constant, circuit equations must be integrated
and solved for time to discharge Q..

2.3.2 Calculating Permanent Effects

Bipolar transistors are particularly susceptible to neutron-
induced permsnent damage. The damsge threshold for most low-frequency
11 12 , 2
and 1 x 107" n/em™,

Transistor paramaters will be affected in the following msnner:

high-power transistors will occur between 1 x 10

. f. - will not chaage significantly for most transistors

T
. V“ - will incrzaase
. vSAT - will iacrease

. Ic0 - will increase

. h?! - will decrease

The most significant change is the decrease in hFE produ;ed by
the decrease in base minority-carrier lifetime. Recombination in the
base region increases resulting in a decresse of the number of carriers
injected from the emitter that reach the collector. After exposure to
1 x 1012
initial hFB remaining. High frequency, low-power transistors

n/cm2 some power trangistors may have less than 10%L of their

experience the smallest hFB degradation. The increases in V

o BE’ VSAT
and 1, will not besignificant at 1 x 10" n/em”.

Beta, or current gain capability, is b far the most

2-22




seriously degraded paramster for power circuits. This is illustrated
in Figure Z-14, vhich shows messured beta degradation curves as a
function of accumulaiad neutron dose for the 2N1016, 2N1613 and 2N2784
transistors. These transistors have power ratings of 150 watts, 0.8
wvatts and 0.3 watts respectively. Note the characteristic shape as
the high power devices suffer beta degradation at lov.r neutron

doses than do the low power devices.

An spproximate expression for the transistor current-gain

degradation is given by:(1’6’
)
5—f- 7 S -6 (2-14)
| 1 +{7.0 x 10 P
fT

where Bf is the device current gain after irradiation,
Bi is the device current gain before lrradiationm,
¢ 18 the neutron fluence in n/cmZ; energies > 10 kev

fT is the device current gain-bandwidth product.

Note the dependence of B degradation on the gain-bandwidth product (fp).

2.3.3 Estimating Transient Effects

Since transient radiation responses can be correlated to
certain transistor electrical and/or geometrical parameters, a series

of graphs have been developed(7)

which make it possible to estimate
radiation responses, These graphs are derived from experimental data.
The curves have an accuracy of better than one order of magnitude and

should provide valuable information to the design engineer.
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Figures 2-15, 2-16 and 2-17 provide estimatas of primary photo-
currents ipp as a function of ft and transistor power ratings (Pb)- The
Pc is the rating at 25°C cage temperature. Figure 2-15 sbould be used
for silicon trsnsistors rated at or below 2.5 watts. Also remember
that 1PP is directly proportional to dose rate ( to ~ 1010 rad(81) /s)
and estimates of i may be scaled accordingly. At rates higher than
10lo rad(S1i) /s pte::ctions are subject to increased error. Figure 2-16
should be used for silicon transistors rated at 3 watts or gresater and

Figure 2-17 should be used for estimetes of 1pp for germspium transistors.

Figuces 2-18, 2-19, and 2-20 provide estima:es of radiation
storage time (t'n) for silic;n and germanium transistors at a dose
rate of approximately 6 x 10" rad(Si)/s. Figure 2-18 should be used for
low power silicon transistors with Pc less than 3 watts and Figure 2-19
for silicon transistors with Pc greater than 3 watts (24°C case). Note
the dependence of radiation storage time on fT' Figure 2-20 provides an
esimate of tsR for germanium transistors as a function of Pc.

Table 2-2 lists the measured 1PP of various trausistors at
three bias voltages. Table 2-3 lisgts the measured ipp and tsk for 45
transistors (average of six samples). Appendix 1.0 is & tabulation of
transistor radiation effects data,

2.3.4 Estimating Permanent Effects

Neutron-induced permanent degradation of transistors can be
estimated using Figure 2-21 which shows normalized hFE ags a function
of neutron dose for ft's of 1, 10, 100, 1K MHz, This graph was constructed
by solving Equation 2-14 for the respective fT's at various neutron doses
and will provide data for the deeign engineer of all transistors of better
than + 50% accuracy. This, >y knowing fT and the expected neutron dose
the decrease in hPE can be predicted.
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TABLE 2-2 (Comtinued)

at 3.0, 6.0 and 15.0 Volts)
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Table 2-2 (Continued)

(Oteasured Equilibrium Lop ot 3.0, 6.0 and 15.0 Volta)

Transistor ;?108 Equilibrium £, (wA) @ Vg, (volts) =
No Type rad (Si)/sec 3.0 §.0 15.0
69 2N918 20.3 2.92 3.99 4.99
70 20.0 1.69 1.79 1.95
71 20.0 2.65 3.45 4.45
72 20.3 1.76 1.89 1.96
73 20.8 2.20 2.37 2.44
1 19.5 3.52 3.71 3.92
75 2N697 0.512 0.520 0.555 0.627
76 0.505 0.413 0.427 0.480
77 0.500 0.336 0.355 0.389
78 0.550 0.371 0.411 0.424
79 0.525 9.333 0.381 0.408
30 0.550 0.405 0.459 0.520
81 0.500 0.443 0.456 0.499
82 21613 0.500 2.27 2.33 2.40
83 0.550 2.15 2.28 2.35
84 0.545 1.99 2.03 2.05
85 0.512 2.03 2.07 2.09
86 0.550 2.31 2.35 2.44
87 0.550 1.85 1.89 1.95
28 0.508 1.99 2.02 2.05
89 2N3498 0.525 6.00 6.27 6.67
90 0.525 4.24 4.51 4.64
91 9.525 4.40 4.59 4.9,
92 0.500 4.00 4.48 4.67
93 0.545 3.87 4.35 4.40
94 0.500 3.87 4.13 4.40
95 0.488 3.31 3.35 3.37
96 2N1893 0.550 3.45 3.52 3.72
97 0.512 3.47 3.60 3.73
98 0.500 3.95 4.03 4.08
99 0.510 3.44 3.71 3.91
100 0.525 2.90 3.04 3.07
101 0.500 4.17 4.37 4.41
102 0.512 3.53 3.67 3.77
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(Measured Equilibrium ipp

Table 2-2

(Continued)

at 3.0, 6.0 and 15.0 Volts)

w :108 Equilibrium i, (@A) @ Vy, (volts) =
No Type rad (S1)/sec 3.0 6.0 15.0
103 2N3511 20.0 5.57 5.84 6.16
104 19.7 5.84 5.97 6.16
165 20.0 4.77 4.90 5.25
106 19.7 4,59 4.77 5.12
107 19.7 4.27 4.53 4.93
108 18.9 4.48 4.67 5.01
109 20.0 4.85 4.93 5.17
110 2R744 20.5 0.967 1.07 1.13
111 20.0 1.13 1.18 1.29
112 20.2 1.23 1.30 1.43
113 20.8 1.17 1.27 1.40
114 20.0 1.65 1.72 1.8%
115 19.5 1.50 1.83 2.1¢
116 20.3 1.37 1.45 1.65
117 2N706 19.5 5.20 5.73 6.27
118 19.6 14.13 15.3 16.13
119 20.5 10.67 11.7 12.00
120 20.5 14.00 15.0 16.20
121 19.7 11.20 11.9 12.73
122 20.8 13.3 1.20 14.7
123 2N2481 20.0 1.73 1.93 2.09
124 20.0 1.45 1.55 1.65
125 20.90 2.41 2.95 3.21
126 20.7 1.41 1.45 1.51
127 19.5 1.59 1.62 1.67
128 20.5 1.23 1.29 1.37
129 20.3 1.63 1.70 1.79
130 2N718A 0.500 2.09 2.19 2.23
131 0.500 1.71 1.75 1.77
132 0.500 2.92 2.96 2.98
133 0.500 2.43 2.47 2.49
134 0.500 3.00 3.04 3.07
135 0.500 2.43 2.47 2.49
136 0.485 1.87 1.91 1.947
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TABLE 2-3

Mesasured Tiansistor Photocurrent And
Radlation Storage Time(3,4)

2-36

T 5x10%rad(S1)/s 10% reas)/s  Te
Type Mfr  Description (MHZ) (wus) () (i)
2M 74 RCA Ge NPAJ 3 *,01 150 5430 150,000
28329 Ray 81 MP AJ ®.5 5.76 43.2 380
2032%9A Ray Si PHP "™Mexa” 2.0 1.07 1.07 380
201338 RIC S WPN GQJ 2.0 3.97 6.00 125
20338 (¢ 4 81 NPN Q) *20 7.09 0.764 125
204604 FIC Ge PNP AJ 3.80 18.9 150
20404 A Ge PP AJ *.13 2.48 13.5 150
iN559 %) Ge PP S 300 1.18 2.58 -
20697 GE Si WM AL 50 5.15 6.16 2,000
207004 Mot Ge PNP MS 500 0.95 3.14 -
28705 Syl Ge MNP B 300 0.25 0.564 150
20706 RCA S{ WPN 1T 356 0.024 0.085 1,000
2N708 Mot S1i NPN PR 3 0.024 0.167 1,200
28708 RCA SL NN PR 300 0.017 0.096 1,200
2N709 Syl S$1 NPN PE 600 - 0.045 500
20718A RN 81 NPN PL 60 6.72 10.9 1,800
2N720A ™4 81 NPN PL 50 5.75 11.3 1,800
2K732 Mot Si PNP PE 120 1.31 4.465 1,500
2N760A Tns Si NPN PL * 65 6.38 3.3 500
2M834 Mot Si NPN ME 350 0.037 0.136 500
2MB34 KSC Si NFN RP 352 0.099 0.340 500
28852 T1 S1 NPX ME 300 0.0293 6.125 300
2N914 Ray Si NPN PE 300 0.0733 0.173 1,200
2M916 ™ 81 XPN P2 300 0.042 9.4%4 1,200
2N918 Aal Si NPN PL 60G - 0.06% 300
2N918 Mot Si NPN PR 600 0.390 0.289 300
28930 Aml S1 NPN FL 30 4,55 1,92 300
20930 NSC S1 NPN PL 30 7.63 3.87 300
2964 Syl  Ce PNP ME 460 0.123 0.405 300
2K1132 Syl 81 PNP PR 60 1.51 2.98 2,000
2N11848 RCA Ge PNP AJ 3 .12 24.0 413 7,500
2M95 WE Ge PNP MS 550 1.51 5.73 250
2M1490 Bnx SL{ NPNMS 3 ¥ 04 21.5 2160 75,000
2M1499A Spg Ge PNP "MADT" 100 0.23 0.786 60
JN1500 Spg  Ge PHP "MADT" 120 0.13 0.679 60
2N1613 Aml Si NPN PL 60 4 .44 7.54 3,000




TABLE 2-3 (Continued)

t“*@ 1”**@
fr  sx10°rea(s)/s  10° rac(st)/s B
Type Mfr  Description  (MHZ) (us) (m) (o)
2N613 Gl Si NPN FL 60 3.38 5.82 3,000
2N1893 GE Si NPN PL S0 9.02 15.7 3,000
282222 Mot Si NPX PE 250 2.59 2.30 1,800
2N2222 NSC Si RPN PE 250 2.76 2.51 1,800
2N2222 Spg S{ NPN PE 250 2.43 1.62 1,800
2N2369 Tns Si NPN PE 500 - 0.043 1,200
202481 GIL 81 NEN FPE 300 0.065 0.165 1,200
2M2784 Syl Si NPN PE 1000 - 0.035 300
2N2855 ssp Si NPN PE 60 9.36 46.5 5,000
*
s

** Average Value of Six Samples

AJ = Alloy Junction MS e Mesa

GJ = Grown Junction PE = Planar 8pitaxial

EP = Epitaxial L = Planar

ME = Mesa Epitaxial

E
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2.3.5  Surface Efrects

Erposure of s semiconductor device to high energy radiatiom
results in two fundsmental effects that can affect both surface and
buik. The first is associated with the electromic structure of the
atoms of the materizl and the transfer of the incident radiation to
the structure. This enmergy transfer in turn results in excitation and
ionization of the atomic electrons that can be allowed by s range of
physical and chemical effects in the materisl of the device. The
second effect produced by in:ident Ligh energy radiation isx the actusl
displacement of atoms from their normal position {n the msterisl lattice
structure. This can occur, for exsmple, in the collision of a fast
oeutron with a lattice atom in wvhich the kinetic energy transferred
to the lsttice is sufficient to overcome the energy with which it is
bound in the lattice. While the two effects are thus fairly distimct
they are aot unrelated. The displaced atom, for example, produced by
the fast aeutron, will ionize the macerial sz it loses its kinetic
energy. Azuin, there is evidence that in ionic crystals, an initial
ionizing event, produced, fsor example, by the interaction of a high
eneigy photon #ith an atomic electron, leads to the production of a

displaced atom from & repulsion effect.

Early investigations of the effect of high energy radiation in
semiconductor devices, dealt almost exclusively with the effect of bulk
displacements on transistor gain. With the failure of the Telstar
satellite in 1962,(8)hovever, aand the axplanation of the effect as «
result of surface radiation damage in transistors in the command

circuits, resulting from the ionizing effects of space radiation,

attention wag dire.ted to the problem of radiation induced surface effects.
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Chargs present ian states at s semiconductor surface, will,
depesiing upom the polarity of the cherge, attrsct or rspel modile
cuaxge carriers from the bulk. This resrrangment of charge lesds
to ons of three conditions. Ia the first, a depletion region is formed
Just under the surface, is which the mobile charge carrier demsity is
reduced from that {2 the bulk, im effecc {:t5i.z ¢ nigh resistivicy
region adjazent to the surface. 1n the second comdition, waich is a
further progressioa of the first, the depleted regiom devslogs s sub-
region next to the surface tiat coesist? of s comducting layer ¢f
charge opposite to that of the bulk. As an exsmpie of this coasider
an H-type semiconductor. The presence of a negative gurface caarge
repels alectrorvs irom the surface regions lesviug s space charze (the
depletior reg.om) of positive domors “depleted” of electrons. PFor a
sufficiently large negative surface charge, holes will be attcacted
to the surface and wili form the inverted coanducting layer. The .
third condition results from s surface charie polarity that attracts
rather than repels majority carriers. The resulting enhar.ced conZecting
layer at the surface is termed an accumulation layer. Four exawple in
an N-type semiccnductor, the accumulation layer, consists of electrons
forning a low resistivity conducting regicn next to the surface, thst
acts to shunt normal bulk carrier motion, degrading device performaunce.

2.3.5.1 Pssgivated and Unpassivated Devices

The grown junction, the alloy junction trunsistor and subsgquently
the mesa are examples of the unpascivatad semicondictor device. In
these devices the state of the surface generally vas uncontrolled and
junctiun interfaces wer¢ exposed to the ambient. It is charactaristic
of the unpassivated surface, that in anything but a very clean vacuum,
it will tend to pick up a number of atomic lasyers of the ambient,

usuc 1y oxygen. As o result of tihis process, surface states,
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representing potentiel electron or hole trapping sites are roduced
at the semiconductor surface. These heve been tsmsd “fast” states,
since they can interchenge charge rapidly with the bulk, fast
representing ralaxation times of the order of 10"7 secomds. 1a
addition to these states, other states, termed “slcs™ states will also
fora that are associsted with foregin ions that are found ia the semi-
conductor surface. The importance of these states is that tihey can
directly control the elestrical character of the devic: surface and
cousequently trangistor gain and junction leakage curremts.

Ia the passivated device(9)as typified by the contemporary
planar and planur-epitaxial tramsistor, these deleterious effects were
prcfonrc!, moedified. For (i:c device the silicon surface ia coverad by
a deliberately grown layer of oxide sbout 103 to 10% R ir thickness.
This has the effect of isolating the semiconductor surizcc Srom the
ambient, thus passivating it. Ta a study made by Atalla, 1® oxides
grown st a temperzture of 1000°S in dry or wet oxygen were stable over
long periods of time. Meezur "m2rt- "adicated that there were no
effects from slow surface state: anc in the presence of either wet or
dry nitrogen no shifts in surface conductivity resulted from tke
introductionu of slow states. On the other hand, as in the case of
the unpassivated surface, fast ztates ave preszit with surface densities
of the order of 10°0 - 10'! c» . Thus, the sddition of the passivated
layer generally improved unirradiated device performance by simply
isolating the silicon surface under the oxide, from the aabient
produced slow states. The result is a very low Icno and a more stable
gain. The growth of the silicon oxide also improves emitter efficiency

o ourrents,

ot

at
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2.3.5.2 1Radiation Effects in the Unpessivated De:. -~

In general, unpassivsted device response to rsdistiv: is
complicsted, vith the results depending iu vsryiag degrees upon
marufacturing processes. This accounts for the fact that pearticular
dé.-1ce types from different menufacturers will lack untiformity in
their response -~ radiation. The evidence appears tc indicate,
however, that th: .- 2dominant effect of ionizing radiation i{n the
unpassivated device 1s the formation of a conducting channel that
is sussociated with a2 particular type of conducting lsyer as previously
described. As discovered .y Btown,( n)an anomalous leakage current
can flow in an NP structure as a result of conducting channel, in the
form of cn N-type inversion layer, across the P-regim . This leads to
a current paralleling that of rhe main juzcrtion curremt but due to a
flow of the same conductivity type as the emitter and collecior end
regions. In the presence of radiation the channel will form as .
result of the ionization of the ambient, the resulting ions diffusing
or drifting to the semiconductor surface as -. result of the fzi;ging
1

This effect, occuring at the collector base junction in a wmesa device,

(13)

electr’ - fields present at an exposed reversed bis= junction,
was invoked by Blair in accounting for device malfunction in the
Telstar satellite.

Iu general, the surface effect {» *%e unpxssivated device will
be evident for radiatiosn doses of the order of 103 rad(Si) as compared
to 107 rad(Si) for the bulk effect. Saturation will occur at doses of
the order of 107 rad(S1) for the surface effect.(IZ) Experiments show
that reverse bias leakage current for diodes and Ic30 and h?! for
transistors are the parametere aost susceptible to the radiation surface

effect.
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In thz diode, leaksze curreatr can incyiase several orters _¢
razritese. and ®ey ¢ - &y not saturats. In the traunsistor, !cag
echibits a sisilar bebasior. Cosmon emitter current gain (h?;) dicresces
vith tsdist.oc exzcsure. Rscovery cac ooour. however, and is enhanced
by baking, =2 application of forward bissipz, or exposure to radiatiom
without bias.

Since the coliector junction bias piu,: « Tole in ke formation
of the radistion induced channel, s strong dependence of Ic’o in applied
blas should be observed. This was observed by Peck’® Jvho demonstrated
that a combinarion of both bias and radistion is necessary to produce
1050 degradati.r. Geaecally, it wag found that for a given radiation
dose, Icno increased with increasing collector-base bias, and
correspondingly, at a given bias Icao increased with incressing radiation
dose. Peck also obtaine evidence that a difference of potential between
the transistor ce» and the semiconductor algso affected IGBO‘ The results,
however, were not reproducible. A isirly extensive series of tests
wag carried out by Cocca and loepp-Jaket(la) on the efifects of ionizing
radiation on selected semiconductor devices fzz che approved parts lisi
for the Nimbus satellite. Table 2-4 lists the unpasiivated components
tested.

A 0060 gaam: source was utilized to perform the tests at
a dose rate of 10° rad(Si)/h. The transistors had a 10 V collector-base
junction voltage. The signal dicdes were rsoerse~bissed at the same
potential. Bias supply voltages were monitored throughout the test and
remained within two percent of their rated values. Typical resuits
are shown in Figures 2-22, 2-23, 2-24 and 2-25.
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2.3.5.3 Radiaifioa oTtects in the Passivated Devica

The silicon planar traasisto: passivated with s layer of
thermelly growe silicou dioxide represents a distinct advance over its
predecessor, in effectively isolating the surface, particularly the
junction regions, from the zmbient. This isolation, however, in
saadwiching an insulating material between the silicon and the ambient,
necessarily places in coatact with it a material that can Interact
itself in a complex way with the ambient. Accordingly, experiments
have demonstrated that, while the planar is an improvement over the
mess transis ¢z, for example, ionizing radiation will sffect planar
operation as well.

In experiments carried out by Bughes ') & total of 150 silicon
planar devices were studied before, during, and after exposure to

1x 106 rad(S1) of cobalt 60 gamma irradiatiom at a rate of 2.75 x

10° rad(Si)/min and at an smbient temperature of 25°C. Both NPN and

PNP devices were tested and significant differences were observed in

two types in their response to radiation. For a 2M2222, the common
eaitter current gain, in a selection of 10 units, showed a decrease

6 rads(S1).
Five of the units were held at a collector-base bias of 15 volts and the

other five vere unbiased. Thers wes no significant difference noted

ranging from 11 to 41 percent as 1 result of exposure to 1 x 10

in the response of the two groups. For PNF transistors, omly a
"relstively” smsll amount of bhyy decrease vas observed when the devices
were unbiased during ir.adiation. When the PNP devices were bdiased
during irradiation, Lowever, L, decraased by "tens of percent.” In
addition. P¥? devices exhibited an incresse in Ipgpg of two to four
orders of magnitude during irradiation. In order to test the possible
cffect of the encapsulating gas surrcunding the device, an irrsdiation
under high vacuum was carried out. In this test 2N2801 PNP transistors
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were tested and the results indicated that the ICIO and gain degradation
persisted under radistion exposure both with and without bias. It was
concluded, therefore, that the surface degradation of the silicon

planar device does not depend on conditions external to the device.

It 1s not evident that this conclusion slso holds for the NPX device,
however, since vacumm-irradiation tests were not reported. The tramsistor
gain test dsta are presented in more complete form in Tables 2-5 2nd 2-6,
taken from Hughes papersls) The behavior of the leakage current (ICDO)

a3 a function of dose is shown for a 2N2222 in Figure 2-26 and for a
282801 in Figure 2-27.

2.3.5.4 Device Selection Recommendations

The radiation test results given sbove make it clear that there
will be degraded device performance in an {onizing enviromment. This
will be true for the passivated as well as the unpsssivated device.
Generally, the effect depends on bias and radiation and it is recommended
that provision be made for bias removal if circuit considerations permit. The
data of Hughas(ls)uppears to warrant the recommendation thet NPN plunar devices
be used rather than PNP type insofar as gain degradation is concermed. 1In
the dose ranges up to 10° rad(31), the radiation induced increase in Lone
sppears to be about the same for each type. To the extent that circuitc
selection and design permit, operation with forward biss on emitter-base
and collector-base junctions seems preferable. Undar mormal biss
conditious with collsctor-base reverse~bias, the smallest bias
level consistent with circuit requir.ments should be used.

For unpassivated devices, germanium is recomsended in
applications where only small {ractional changes in Igp, can be
tolerated., Silicon unpassivated devices exhibit order of magnitude
changes in Icpg. A silicon mesa 2N1132 exhibits a Igpg decrease of
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15)
TABLE 2-5 2N2222 NPN Silicon Planar Transistor (

h,‘ at ch @ 2.5V and Ic = 2.5m

Reverse Bias
During

Beforz After p 3 Irradiation

Irradiation (10 rad) Difference Vcno Volts
100 80 20 +15
150 110 27 +15
175 115 34 +15
175 120 n +15
175 120 31 +15
155 110 29 0
169 120 25 0
110 65 41 0
62 55 11 0
95 64 33 0
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Teble 2-6 282801 PXP Epitsxial Planar Transistor (15)
Beta (hfe)
Collector-
After Base Bias
Before Irradiation % During
Unit Irradiation (105 rad) D! €ference Trradiation
1 106 23 78.2 =15 V dc
2 100 33 67.0 »l5 V de
3 90 40 55.5 =15 V dc
4 160 105 34.4 -15 V de
5 150 38 74.8 ~i5 V dc
6 175 i00 42.8 -5 Vde
(60 cps)
7 80 28 65.0 =15 V dc
8 130 80 38.4 ~15 V dc
9 95 53 44.2 -15 V dc
10 105 95 9.5 )
11 130 24 81.6 -15 V de
12 105 26 75.2 =15 V dc
13 115 100 13.0 0
14 110 95 13.6 0
15 105 90 14.3 0
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FIGURE 2-27 Effect of Radiation on Leakage

Current of a 2N2801 Transistor
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about an ordsr of magnitude in the rangs 10% - 105 rad(S1i) with Bg
decreasing in the same range by about 12X,

2.3.6 Beta Annealing

Immedicceliy after 2 neutron pulse, transistor beta is degraded
.0 lower values than at later times. This phenomenon has been called
rapid or beta annealing. In order to relate this time-dependent beta
fogradation to permanent bets degradation, an anneal ing factor i3 used.
The annealing factor (f) at time (t) after a neutron pulse, is defined as:

£ (2-16)

N o
— .

Bg

Tk

vhere B;, B¢ and 8(t) are the initial, finsl, and time-dependent betas.
It follows that the annealing factor i{s the factor by whi:h the neutron
fluance must be increased to evaluate time-dependent beta degradation

from the permsnent beta degradation. For example, suppose the annealing
factor ic twe at 1 ms, and one wishes to determine the beta degradation

2t 1 ms after a neutron pulse of 1 x 1014 n/cnz. The beta decrease at
2

1 ms i3 then equal to the permanent decrease at 2 x 1014 o/cm
Many annealing factors have baszr measured at Hughes,(16) and

an active program is now extending these measurements as well as

developing & theoretical model for the effect. A few examples of this

data are shown -in Figure 2-.28, where annealing factors for the 2N2222,

2N1613, 2N50i6, and 2N709 trensistors are shown for times between

200 us and 100 s. The fact that the annealing factors have gigaificant
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values over s. meny decades of time demonstrates that the rapid
annealing factor aust be considered in the selection of components.

-
7) shows that diffusion predominates in the time
The data agree with a relstively

The analysis\"
regime between a few ms snd suveral s.
simple /t law, and the parameters derived from the data are consistent

with a2 simple model that depends on the diffusion of atom‘c defects.
An analysis that predicts the time devendence at earlier times than a

few ms is now being developed.

i

2N1613

ANNEALING FACTOR

TIME, SECONDS

FIGURE 2-28 Annealing Factor of Transistors as a
Function of Time After a Neutron Pulse
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2.4 Blodeg
Ths effscts of vuclear radiation on semiconductor diodes are
trensient in nsture, The permanent damage caused by neutrons can usually

be considered negligible. Reverse-bicsed diodes will conduct during the
radistion pulse and forward-biased diodes will conduct slightly more.

The total equilibrium photocurrent response of a reverse-biased
diods is composed of a depletion component and an equiiibrium diffusion

component, In equation fors:(l’a)

(di£ffusion)

ipp = ippu(depletton) + ip

L
(2-17)
« ggA (w+ L)

where! = charge on the electron
= generation rate
Junction area

« width of depletior region

t+ € > 00 o
]

» diffusion length

The geueration raty of electron~hole-pairs is directly proportional to
the radiation dose rate ( v ). Consequently, equilibrium photocurrent is
directly proportional to dose rate (assuming the density of incuced
electron~hole-pairs does not exceed the doping level of the semiconductor
dicde),

Phntocurrent values will range from tens of miiliamperes to

several tens of amperes. The amount of photocurrent depends on the pover




|

B el

rating and reverse voltage rating of the diodes. Diode types can be
arranged in an order of increasing ipp generation as follows:

Hot carrier

. Step recovery

. High frequency switching

. Varactors (low power)

. Madium current diodes ( 50 mA to 1A )

. Power diodes > 1 A

The differences in the first four types may be negligible.
Tunnel diodes are the most radiation-hard active devices. Shockley diodes
and SCR's will turn on during the radiation pulse and remain on until
power is removed and shcould be avolded or used with caution. Zener

diodes operating well in the zener region will conduct more heavily
during the radiation pulse; however, this effect should be negligible.

Figure 2-29 shows the measured photocurreat as a function of
gasma radiztion for a number of diodes. Note that at a dose rate of
5 x 108 rad(S1) /s photuzurrents renge from 0.2 mA to 30 mA.

Table 2-7 is a tabulation of messured diode photocurrents at

various dose rates and thrze different reverse-bias voltages.

Figure 2-30 shows measured photocurrent as a function of the diode
mozimm forward rectified current (Iy) for several diodes at two dose rates.
This curve can be used to estimate diode photocurrent when no measured data

is available.
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TABLE 2-7
MZASURES DICOE 2QUILIBRIUM PAOTOCURRENT
AT TIREE REVERSK BIAS vorracas ()

e e SRNRE 1@@@%

Diode :ou Rste % Equi librium ipp (mA) /reverse bfas (wveolts)
No. Type 10 rad (Si)/s at vBBl at Vixz at.ViB3
1 1N643 5.0 9.53/1.6 10.43/12.7 11.03/24
8 iM3730 5.0 11.33/1.6 13.26/12.7 13.93/24
14 1N3064 5.0 1.00/1.6 1.13/12.7 1.21/24
21 1N3070 5.0 3.28/1.6 3.80/71z2.7 4.38/s04
35 18691 5.0 15.0G,3.1 15.86/12.7 16.53/24
42 IN697 5.0 16.00/3.1 16.66/12.7 17.53/24
49 184087 5.0 1.53/1.6 1.77/12.7 1.96/24
61 1N3600 5.0 0.57/1.6 0.78/12.7 0.88/24
68 1N914 5.0 0.41/1.6 0.55/12.7 0.76/24
109 1N659 5.0 0.58/1.6 0.82/12.7 0.94/24
116 1N4533 5.0 0.29/1.6 0.41/12.7 0.50/24
143 1N662 5.0 0.6C/1.6 0.84/12.7 1.10/24
55 IN4376 20.0 0.57/1.6 1.12/12.7 2.48/26
28 1N3595 0.50 2.13/3.1 2.33/12.7 4.90/46
75 1N645 0.50 21.20/3.1 21.20/12.7 23.73/46
82 IN649 0.50 22 13/4.5 “2.80/12.7 23.47/46
88 IN483B 0.50 7.65/3.1 7.87/12.7 8.45/46
95 1N485B 0.50 4.35/3.1 4.35/12.7 4.88/46
102 1N3577 0.50 13.67/3.1 13.67/12.7 14.13/46
123 1N3189 0.50 63.73/4.5 69.07/12.7 71.73/46
129 1N3191 0.50 106.7 /28.5 120.0 /40.0 130.0 /46
136 IN560 0.50 Saturated Saturated 90.0 /4o

* Normalized dose rate.
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2.5 liptazisted Circuils
2.5.1  Genere] Discussice

Although {ntegrsted circuits currentiy are not videly used in
power supply subsystems, hey never:iheless have aeveral iwporiant
influeaces on power subsystem operation in a nuclesr envirommeut. Tae
first consideration is that integrsted circuits are finding iacrsasieg
application in power sapplies perzicuiarly iz the coatro! functions
for pulse width modulated switching regulazotrs. Anotuer recent develcp-
ment that will infiuence power supply desizn i{s rhe integrated circuit
lowv current regulstor designed for on-card regulstioe. OUn-card
regulation appears attractive both from electricai coasiderations snd
radistion considerations when comparsd with the aitaraste tschnique of
building a high wattage supply and distriluting the power to ciremic
cards. The above considerations will influence futare power sutsystaa
design.

Ar importent problem comnected with integrated circuits,
which is associated with currently existing systems and their interaction
with radistion, is that many of the loads for space power subsystems
consist entirely of integrated circuits. Integrated circuits can
prevent s severe transient l-ad or the power supplies under irrsdistion.
Therefore, discussions of the effects ~¢ radiation on integrated circuits
are included.

Integrated circuits behave as sssemblages of components on exposure
to & high dose rate transient rsdiation pulgce. Primary photocurreat uPP)'

external iomnization, and e-condary emission effects occur. The radiatiom
environment may csuse all integrated circuits to either turm ON or OFF

or saturate depending on the type of cirsuit (digital or linear) amnd
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the circuit application. Storage time arslogous to t" for transistors
also occurs. However, in momolithic intsgrated circuits, the wost
important transient effect is due to the sudbstrate response to ionizing
radiazion, and the substrate intersction with the active devices. For
high radisticn levels, the sudstrate photocurrents s:i2 on the order of
amperes arnd may exist for several microsecords.

Many integrated circuits ia sn electronic systam will be ON and
saturated vken the crransiet radiation dose rate resches 1 x 109 rad(Si)/s.
Therefcre, the prime considerztion in hardering lategrated circuits above
this level should be the praveation of catastrophic failures. See
Sectiom 2.6.

In regard to neutron damage, presently avalizble momolithic

iptegrated circuits bave critical radiation threzholds well in excess of

1013 icn? for normm! fan-outs.

Neutron damage effects eaad tramsiert radiation effucts are
sumarized below.

2.5.2  Permepent Demage Effects

Neutron radiation produces the following effects in integrated

circuits:
h’! decreases
Leskage currents increase

Minority carrier lifetime decreases

Breaskdown voltages incresse
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The predominant effect will te to decrease h,z. As hu decreases,

tae svailable circuit output current decreases, output vol’rges in the
ON state incrsase and eventually circuits cesse to function properly,
particularly 1if fully loaded.

2.5.2.1 Gates

Typical integrated gate circuits are shown in Pigure 2-31,
The principal damage in momolithic circuits is the degradation of the
output transistor dc forward current gainm, h?!‘ This 1is not apparent
in the OFF state of a gate circuit, since no current flows during this
condition. For this resson, neutron damage tests are performed with
the gate circuit in the ON state. In this state ths transistor is
saturated. As the current gain degrades, the collector current decresses
and the device may come out of saturstion. I1f this occurs the output
voltage(vou) will begiu to increass. Circuit failure occurs when VON
resches a value such thet =dequate noise margin can no ionger be
maintained., The critical value of VON is assumed to be 0.3 volts for
RTL und RCTL gates and 0.5 volts for the DTL gates. The neutron fluence
at vhich these values are reached is defined as the critical radiation

threshold for permanent damage,

In order to observe msasurable damsge at a meutron dose of
2.7 x 101“ n/cnz, vary large fan-outs are required. Tests -rere verformed
with fan-outs of 10 and 15.(18) Tebles 2-8, 2-9 and 2-10 1list these

threshnld d=zzazz lcvels.

2.5.2.2 Flip-Flops

The effect of neutron degradation of flip-flop circuits are
(18)

evaluated in two ways. The first method consists of observing the
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TABLE 2-8 Ccitical Rediation Thresholds For
Dumage Failure In DTL Gates Yor
Zan-Out of 10
CIRCUIT TYPE L R AATLON
n/ca? (B> 10 keV)
DTL GATES:
Fairchild DIuL 930 6 x 103
oME 254 G 3 1.8 x 10t
Motorola MC 206 8 x 1083
Signetics D9004H 9 x 103
Siliconix AO6A ~1 x 10
Tex. Inst.  SN34IA <1 x 10%?
Westinghouse WM201T 1 x 10]'2
Hughes DTL2G ~2 x 10]‘3
DTL POWER GATES:

Fairchild DL 932 ~8 x 10
ME 264 P >s x 10
Motorola MC204G ~ 5 x 1014
Gignetics D9007K 5 x 1014
Siliconix AO02A >S5 x 101&
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TABLE 2-9 Critical Radiation Thresholds For
Dameage Faiiure in RTL, RCTL Gates
For Fan-Out Of 15 (185

CIRCUIT TYPE

CRITICAL RADIATION THRESROLD
n/cm? (B > 10 keV)

LOW POWER RTL GATES:

Fairchild WL 910
GME 134D2

1.2 - 1.4 x 1014
0.6 - 1.4 x 10t%

STANDARD RTL GATES:

Amelco el
Fatrchild ML 903

1.2 - 1,7 x 1014
0.3 - 1.6 x 104

RTL POWER GATES:

Tex, Inst, SN 512

Amelco ngr

GME 15303 1.7 - 1.8 x 10%
RCTL GATES:

Sprague USO 104 A ~ 1012
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output voitage Vo“ of the ON half of the flip-flop and tresting it as
anothsr ON gate. The other method is to measure the trigger level
sensitivity by applying a clock=pulse of varying amplitude after each
interval of irradiation.

In the first method, Vo will increase as the curreat gain
degrades and the collector-current comes out of saturation. Circuit
failuree can be defined when vON exceeds the noize-margin of the OFF
half of the circuit and tries to turn it ON. It wiil also exceed the
noise-margin of the loading circuite and tend to turn them ON., Thus,
the critical radiation threshold for this condition is the same as that
for the equivalent gate circuit. Table 2-11 shows the dagradation of
the load driving capability of the DIL flip-flops in comparison with
that for DTL gates of identical output circuit comstruction after
2.7 x 1014 n/clz. The load driving capability is directly related

to the transistor current gain.

The trigger level sensitivicy is measured as a function of
(18) e DL £14p-f10ps
consisted of ac coupled and dc roupled type. The results were:

neutron fluence for all of the flip-flops.

The trigger threshold level for ac coupled DIL flip-

13 n/cl2 and

falls off about 10 to 20 percent at 2.7 x 1014 n/cnz.
(See Figure 2-32)

flops beging to degrade at about 4 x 10

No change in trigger threshold level is observed in
dc coupled DTL flip-flops at 2.7 x 1014 n/cnz.
(Ses Pigure 2-33)

=2
]

o
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TABLE 2-11 Normalized Degradation Of Loading
Capability ¥or DTL Circuits After
2.7 x 1014 n/ca? (E > 10 kev) (18)

CIRCUIT MANUFACTURER TYPE Lir/lL
Hln. u.x.
DAL 230 Fairchild Standard Gate 0,45 0,52
PILL 931 Fairchild Flip-Flop 0.46 0,55
MC 206 Motorola Standard Gate 0.6 0,42
MC 209 Motorola Flip-Flop 0,36 0,49
264 P GME Power Gate 0,59 0,66
264 B GME Flip-Flop 0.62 0,68
D 9004 H Signetics Standaxd Guate 0.34 0,40
D 9006 H Signetics Flip-Flop 0.25 0,30
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The trigger threshold level of RIL and RCTL flip-flops
either reamins unchanged or increases slightly at
2.7 x 10;4 n/cnzﬂ (See Pigures 2-34 and 2-35)

One-shot multivibrators are similar to flip-flops.
The trigger threshold levels for ac coupled DIL types

decrease in the same wav. {See FPigure 2-35)

In no case is the change in trigger level sensitivity great emough t>
produce failure for neutron fluences up to 2.7 x 1014 n/cnz. Thus,
the critical radiation threshold for fuilure is iargely determined by

the loss of noise-margin for the equivalent gate circuit.

2.5.3 Transient Effects

The transient radiation effects generally result in a pulse
at the output of the circuit. Thez: pulses are passed from one circuit
to the nexc which may trigger £lip-flups, be amplifed by each succeeding
amplifier or produce effects in the output that may or may not be
significant, depending on the system. These transient pulses can be
considered as a form of noise pulse. These noise pulses can turn the
devices ON or OFF for short periods of time. Jf the loading circuits
(fan-out) are not affected by these noise pulses, then no false
information is injected into the system. However. clrcuit failure
during radiation occurs when the radiation irduced circuit output
7oltage exceeds the noise mergin of these devices which act as a load
for the circuit under test. The duration or width of ths noise pulse
is also of significance. Detailed radiation effects data(lg) are

presented in Pigures 2-37 through 2-41 for one type of irtegrated circuit.
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The results of experimental evaluations are summarized below

and in Tables 2-12 through 2-1;.18)1‘

observed in these results are as follows (not that "more sensitive'

he qualitative features to be

means “lower threshold"):

RCTL circuits are more sensitive to tramsient
radiation disturbances than either RTL or DIL
circuits. (See Tables 2-12 and 2-13)

The best RTL and DTL circuits are about equally
sensitive i.e. no superiority of logic type.
(See Tables 2-12 through 2-15)

B e A o e o st DT NI £, A

Low power RTL gates and flip-flops are more

sensitive than the higher power types. (See
Tables 2-12 and 2-13)

DTL gates without internal load resistors are
more sensitive than those with the internal

load resistors. (See Table 2-14)
RTL ON gates are insensitive. (See Table 2-12)

In the majority of cases, DTL gates are more
sensitive in the ON state thau in the OFF state.
(See Table 2-14)

Fan-in has no effect on circuit responses as far

as loading effects are concerned.
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Fan-out has no effect on the sensitivity of DIL gates,
but sensitivity increases slightly for RTL and RCTL
gates. (See Table 2-12)

Flip-flops are more sensitive (to self-triggering)

than gates of the same logic type =2xcept for DTL

gates without internal load resistors. (See Tables 2-13
and ‘2-15, and Tables 2-12 and 2-13.)
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TABLE 2-12 Critical Radiation Thresholds Por Transient
Radiation Effects For RTL, RCTL OFF Gates.
Averages Of Four Circuits Of Eack Type. (1

RTL, RCTL OFF FAILURE THRESHOLD
‘ CIRCUIT TYPE RADS(Si)/SEC
FANOUT = O | FANOUT = 5
LOW POWER RTL GATES:
Fairchild  MWuL910 | 7 x 107 4 x 10’
GME 134D2 Y 108 1 x 108
STANDARD RTL GATES:
Amelco "G 5 x 108 4 x 108
Fairchild MW.L903 |6.5 x 10° 2 x 10°
RTL POWER GATES:
Amelco "R 3 x 108 5 x 108
GME 15303 6 x 10° 2 x 108
RCTL GATES:
Sprague Us0104A | 1 » 10° <1 x10°
Tex. Inst. SN512 2 x 106 2 x 106
L i

Note: No response observed in ON-state for RTL gates.
Cae text re: RCTL gates.
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TAALE 2-13 Pailure Threshold Levels For RTL and RCTL !liy-Flopc(ls)

TRRESHOLD TO
SELF-TRIGGER TRIGGER ON-GATE
THRESHOLD (eo = - 3V)

CIRCUIT DESCRIPTION RADS (S1) /SEC RADS (51) /SEC

RTL FLIP-FLOPS:

melco  Type F 1x10 1x10°

Fairchild DML 923 3x10° 4 x 10°

o 134 D2 6 x 10’ 2.5 x 10

(Low Power)

RCTL FLIP-FLOPS:

Sprague  US 0300 1x10 4 x 10°

Tex. Inst. SN510 ! x 10 2.5 x 16°

RTL MONOSTABLE:

e 134 D2 5 x 107 5 x 10

RCTL. MONOSTABLE:

Tex. Inst. SNS18A 2 x 10° < 10°

Note: These data represent the average of the faflure
threshold levels for four circuits of each type.
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TABLE 2-14 Critical Radiation Thresholds For Transient
Radiation Effects For DIL Gates. Averages
ior Pour Circuits Of Each Type.

- iy

DTLCIRCUIT TYPE PAILURE THRESHOLD RADS(S1)/SEC
OFP-STATE | ON-STATE
CIRCUITS WITH INTERNAL LOAD RESISTORS:
Fairchild DI 930 sx108 | ~1xi0°
Qe 254-G3 2 x 10° 1 x 10°
Hughe s DTL-20 1x10° | 7.5 x 10®
Hotorola MC-206 5 x 10° 5 x 107
| Signetics 9004H 3.5 x 10 1 x 108
| POMER GATES WITH COMPLEMENTARY OUTPUTS:
\ Pairciild DTL 932 1 x 10° 3 x 10®
Signetics 9007H 3x10’ | >1x10°
'
CIRCUITS WITH NO INTERNAL LOAD RESISTORS:
o 264P 5 x 10 1 x 10°
Motorola MC-204G 1 x 10 1 x 10°
siliconix AO2A 6 x 10’ 4 x 10’
Siliconix AO6A 6 x 10 4 x 10’
Tex. Inst. SN341A 1 x 106 5 x 106
Westinghouse WM201T 7 x 107 6 x 106
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TABLE 2-15 Pailure Threshold Levels For DIL ?lip-Flops(la)

1 THRESHOLD TG
| sELP-TRIGGER TRIGGER ON-GATE
THRESHOLD (e, = - 3V

CIRCUIT DESCRIPTION RADS (S1) /SEC RADS (S1) /SEC
A. C. COUPLED CLOCK:
QE 264 B 2 x 10’ 5 x 10°
Motorola MC-209 2 x 107 2 x 108
Signetics DYOOGH 9 x 107 3.5 x 107
D. C. COUPLED CLOCK:
Fairchild DTSL 931 5 x 168 ! x 10°
Siliconix AD3A 9 x 106 2 x 108 *
MONOSTABLE :
Signetics D90OBH > 10° 3.7 x 107

* Measured at -2 Volts since the normal output voltage of
this circuit is only 2.5 volts.
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2.6 Catagtrophic Failure

The main concern in assessing power and system vulnerabilities
in the study environment is catastrophic failures in semiconductors
due to burm-out caused by high level radiation induced currents. These
radiation induced currents can cause catagtrophic failures in semi-
conductors due to the following mechanisws:

Thin film intercommect burn-out in integrated circuits.

Bonding wire burn-out ip integrated circuits and

discreet devices.

Junction damage (burn-out) in integrated circuits

and discreet devices.

The sources of these currents are a result of the interaction
of the transient radiation with the semiconductors themselves. These
transient sources will be due to primary and/or secondary photocurrent

generation in diodes, transistors, and integrated :ircuits.

The general discussion in this section is concerned with short
time transient effects iiaving time history only slighcly longer than
the radiation pulse (tens of microseconds) as opposed to the long-time
effects associated with latch up and second breakdown. However, these
latter effects are discussed below for completeness and dismissed as

not being a particular problem in modern well-designed circuits.

2.6.1 PNPN Latch-U

The isolating substrate of an integrated circuit in combination

with transistors and resistors forms complex PNPN structures as shown in
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Figure 2-42. The substrate {solation junction is normally reverse-biased
but when large photocurrents flow in = high resistivity substrate,
unexpected bias voltages can be generated. A few cases have been
reportcd(zo’ 21, 22, 23)1n which these radiation generated bias voltages
aave resulted in a PNPN switch action called latch-up. PNPN latch-up
can also occur in complementary trausistor psirs formed by a quadruple

diffugsion process.(n’ 22)

This failure mechanisa is catastrophic from
a systems viewpoint because the power-supply current must be interrupted
to restore normal circuit operstion. The currents, which flow during
latch-up, c¢an also burn-cut thin-film metal interconnections and small

bonding wires causing complezte circuit failure.

Latch-up was first obzerved at low dose-rates in 1964 during
radiation tests on some triple-diffused integrated circuits.(za) Most
of these circuits are triple or quadruple diffused in 70 x 100 mii
silicon chips and do not use gold doping. The large chip areas (3 to
4 times greater than modern circuits) and the long storage times associated
with active devices result in the generstion of large photocurrents in
these circuits at low dose-rates. Modern integrated circuits using
epitaxial construction, small chip ureas, and gold doping have not
been observed to exhibit PNPN latch-up.

Hughes has performed many tests on many types of integrated

(24, 25)“ dose-rates up to 5 x 107 rad(Si)/s and total doses

circuits
of 5000 rad/pulse and has never observed latch-up in any except
some of the triple-diffused circuits., These tests included the

Fairchild DIWL930, 932, 962 and wA709 circuits.

Hughes Radiation E2ffects Research Department has also made

measurements on the SN352A general purpose amplifier, one of the first
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circuits which was observed to exhibit latch-up. Common emitter current
gains greater than one have been measured for the NPN transistor formed
by the N collecter of a transistor, the P substrate and the N region
under a diffused P type resistor as illustrated in Figure 2-42. The
equivalent circuit for PNPN action is shown in Figure 2-43. Modern
integrated circuits are usually designed to keep the h!B of parasitic
transistors much less than 1. The high value of hPx for the paresitic
trensistor could explain the ease with which some SN352A circuits can

be made to lntch-up.(zob

The latch-up mechanism cannot occur in dielectrically-isolated
circuits and utilizing these circuits where feasible will eliminate
this problem.

Latch-up tendencies can be reduced in junction isolated

circuits 1if the following manufacturing techniques are employed.

Gold dope the integrated circuits to reduce lifetime and
lower the hFB of parasitic transistors so that hFx <« 1.

Increase physical separation of resistors and

transistors.

Increase breakdown voltage between resistor N isiand
and the P substrate by utilizing epitaxial

construction.
. Increase the P doping of the substrate and reduce N

doping of collector region adjacent to the substrate

by ep.taxial construction.
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Provide several well distributed connections between

the substrate and the regative voltage supply terminal.
A P+ guard ring structure in the substrate would be
ideal {f it is feagible. This change would help prevent
the collector-substrate junction from becoming forwvard-
biased,

. Provide several well distributed connections between
the resistor N island and the positive voltage supply.
This procedure would guarantee that the junction
between the P and N regions of the resistor was shorted
so that one mode of PNPN actioa would be eliminated.

Even 1if all integrated circuits utilize 4ielectric isolation,
a malfunction can =till occur due to & possible short circuit current
path, through series transistor junctions to ground. This condition
exists for exapmple, in the Fairchild DIL932 buffer gate and the
709 op emp. It is also recommended that an electrical pulse~curreant
screening test be devised for all circuits. Such a test will eliminate

circuits with improper current-limiting or faulty interconnections.

2.6.2 Second Breakdown Latch-Up

Second breakdown latch-up is a voltage breakdown meclanism
which can occur in discreet transistors and integrated circuit transisters
under certain conditions. Second breakdown latch-up has occurred in
only one type of integrated circuit tested to date. The cause cf this
one failure has been identified as poor design.(26) I: is believed that

second breakdown will not occur in well designed integrated circuits.

Figure 2-44 1llustrates the second breakdown characteristics.

Second breakdown will not occuc if a load )line such as RLZ avoids the
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the sscond breskdown rogion. However, if the transistor operates along
lLl. it will experience second breakdown as it enters the second break-
down region, will latch-up at point A where ILI intersects the latch-up
voltage line LV, and may burn out unless the current is limited. This
situation is of particular interest in the transient radiation enviromment
since a transistor may be normally working along ILz but the transient
radiation changes the load line to ILI, and also turns the transistor ON,
Thus, the transistor can be triggered into second breakdowr by radiestion
provided certain conditions are met. The first condition is that the
supply voltage (Vcc) must be greater than the latci-up voltage L. Ly
is equal to the sustaining voltage ratings sometimes giver on tramsistor
specification sheets. A second condition is that the supply must be
capable of furnishing the sustaining current. This failure mode should
aot be a particular problem in space power subs7..tzas since the first
condition sbove specifies that the supply voltaze be relatively closze

to the maximm collector to emitter voltage, B'ch for the transistors
generslly used in circuits where this failure woald be catastrophic
range from 60 to 100 volts.

2.6.3 =¥ 1 B

At high radiation dose rates, circuits using PN junction
isolation are particularly vulmnerable to fonizing radiation because
power-supply currents can be shunted directly to ground tkrough the
isolation junction associated with diffused resistors. The resistor
is formed by a base-type P diffusion in an isolated H-type islsnd.
The K region is r ,rmally returned to Vcc so that the junction between
the P resistor and the N island will always be reverse-biased. The
P-type substrate is always connected tc ground or the most negative
voltage supply in the circuit. A short-circuit photocurreunt path,
therefore, exists from the power supply to the N region, through the
isolation junction, and then to ground.
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Since resistors normally occupy at least 50% of the integrated
circuit chip area and are normally located witnin the same isolation
reglon, their isolating PN junction is by far the largest photocurrent
generator in the circuit. This failure mechanism is also possible in

diclectrically isolated circuits which employ diffused resistors.

A shunt photocurrent path also exists where the circuit design
results in a series combination of PN junctions hetween the power supply
and ground that is not iimited by a resistor. Examples of this type
of circuit are complementary and totem pole output circuits. Ordinarily,
the power supply can be designed to supply these currents. However, at
high dose rates, these currents may increase to the ampere level, or
even greater. Then, the small gold or aluminum bonding wires or aluminum
interconnections may burn out causing permanent circuit failure.
Compatible thin-film resistors will eliminate the shunt current path
associated with diffused resistors, but shunt circuit paths through a
series of circuit PN junctions can only be eliminated or current limited

by circuit design.

The thin-film interconnects are the most vulnerable to over-
currents due to their small cross-sectional area (typically 1 micron
x 0.5 mil), The 1 mil diameter wires normally used for bonding are
about a factor of 20 to 50 greater in cross .ectional area and should

require about a factor of 20 to 50 more power to csuse burn-out.

Burn~-out of thin-film interconnects occurs near the place where
the metallization crosses a dielectric isolation fence or at the
"windows' cut out of the oxide layers. The metallization is effectively
stressed at these points due to a change in depositiou depths, or

there may be slight steps. or ridges at 'he material interfaces. These
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stzess points cause different effects in the Tarious trazsistor
gecmetries and close correlation with calculations dased oc 2 fuse
type consideration is not possible due to tuc effect of the step
or ridge.

for moderately high dose rates (1010 to 10n r=d(S1) /s),
the wor;: case tise duration, produced by 2 radiation disturbance in
currently used monolithic integrated circuits. is approximately 5 uys
(due to a 30 ns radfazion pulse plus radiation-induced storage time
2£%2cts). The measured curreals required to bLurm-out four metallizatisn

widths in 5 us are tabulated ir Table 2-16.

TABLE 2-16 Interconnect Bumm-0Out Cuzrent (27)
Intercounect Burn-Out
Wideh (Mil) Current (A)
0.44 to 0.55 1.0 to 2.0
0.6€ 2.1
0.51 2.8
1.42 4.0

The substrate currents in exiscting monolithic integrated
circuits 2t the above dose rate levels c:an range from 1 to 4 A or larger,
Therefore, it appear: that currentiy used integrated circuits may be
vulnerable ¢t~ catstrophic failure. The reduction of current carrying
capacity due to multiple fence crossinge and other stresses caused by

menufacturing techniques may raise the vulnerability in some circuitry.

(48]
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Figures 1-45 and 2-46 are representative current-time plots of
(27

the measured failure Thresholds. These data are for thte same
setallizazion width, but the stresses due to fence crossings were
olfierent. The difference in the curvss is attributed to these
diiferert stresses. By knowing the metsllizacion pettern dimensions.
one aay predict where the burn-cut will occuxr. Circuitry laws state

that parallel currents add; therefore, the base metallization with two

parallel strips can take twice as micn current as the emitter metallizationm

vhich has oaly one strip. If the same current exists in both the
eritter and the base, the emitter aetallization will suffer burn-ouvt

firse.

Radiation Incorporated developed an erxnression for the burn-
out current for microsecond time scales which predicts a value 2.5 times

. . Q@7
the cbserved experinental value.

These <tudiec corsider an unstressed irtercomnect and the
differences between thoretical calcvlations and measured data can well
be explaized if the intercommect is stressed by a fence crossing or a
scratch or defect in the materiai. Failures plotted in Figu.es 2-45 and
2-46 occurred at a stress point. Lockheed has shown that hot spots

28
form ac the point where an irterconnect crosses an oxide step.(‘ )

Table 2-17 lists some measured power supply currents for som~

integrated circuits at specific dose rates.

2.6.4 Bonding Wire Purn-Cut

Bonding wire burn-out has been observed in some cases but has

generally been accompanied with chip damnge, At this writing, it has not
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TABLE 2-17 Integrated Circuit Radistion Induced Currents

Dose Rate
Ixpe Itansiecar Pover Supply Cuxrent {Rad(51) /s)
(A)
A 709 2 to 3 2 x10°  (Ref 26)
DTL $32 0.800 1x 1012 (Ref 29)
DTL 9040 0.800 3 x 1010 (Ref 30)
*TI 911 Read 2.5 6 x 10°  (Ref 31)

Pre-amplifier

*Pajiled catastrophically due to interconmnect burn-out in power
supply line.

been established which occurs first. Intuitively, it would appear
that the junction will short and cause the bonding wire to burm out. If
this is true, the bonding wire bura-cut level is higher than the junction

damage level.

2.6.5 Junction Damage
2.6.5.1 Effects Of Circuit Regigtance

The threat to semiconductor jur :tions is due to the high
photocurrent generated by the transient radiation. This current multiplied
by the voltage across the devices increases the power being dissipated in the
device. If the power dissipation is sufficieant, the device will be
destroyed. At very high dnce rates the phctocurreats beczze extremely
high and may be l:mited by device resistances normally too small to be

considered.
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Use of the standard photccurrent prediction expressions at
high Jose rate levels can predict hundreds, thousands, or kigher
smperes of photocurrent. While the validity cof using the prediction
technique at high levels may be guestionable, there is no quastion
that lsrge currents will flos. For currents of this magnitude, circuit
resistance usually considered negligible becomes significant. These
resistances iaclude such things as the resistance per unit length of
vire, the resistaace of contacts ic a commector, and the resistance of

the obmic contact,and lesds in semiconductor components.

Consider the circuit of Figure 2-47A. The resistance is
coaposed of all resistance ie the circuit including the lead resistance
and interconnect resistance of the diode. During irradiation the
currert {(y ) will iflow. Two situations can exist. For the case

where

V - 1 (y) £ > 0 (2-17)

reverse bias will still appear across the junction in the diode. 1In

this case

i (y) = 1pp (2-18)

where

irp = primary photocurrent,
v
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vV -1 (y)r ~ O (2-19)

reverse bias will no longer appear across the junction. In this case

the curreant is limited by the circuit recistance (r) and
. v
i (v) 7 (2-20)

and
i ( Y )y < ipp (predicted) (2-21)

in the worst current limited case the diode will forward bias. In this
case the equivalent circuit during radiation is shown in Figure 2-47B.
The diode is now effectively operating as a2 voliage limited current
gource auch the same way as solar cells operate under solar illumiratiom.

The expression for i(y ) becomes:

£ (y) 120.] (2-22)

Equation 2-22 will differ insignificantly from Equatisn 2-20 “or source
voltage (V) greater than approximately 10 volts.
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2.6.5.2 Iypical Circuit and Component Resigtapces

The typical resistance of an irradiated transistor from emitter
to collector assuming silicon is a perfect conductor can be estimated.

The assumption of perfect conduction for the silicon appears reasonable.

The carrier generation rate (g) per unit of radiation dose
3 (1)
The

mean lifetime ( T ) can be as long as 10'“ seconds, assuming equal

rate in silicon is 4.2 x 101’ electron=hole p-its/an- rad.

amounts of N and P-type material per device, the average mobility (u )

o= - The number of excess carriers ( n ) generated at

10" rad(Si)/s is:

gy = 4.2 x 10" 1'%

(2-23)
- 4.2 x 1023 elegttgg-ggle pairs
ca” . sec
The conductivity will be:
g - neueo
- (4.2 210516 x 10719 10?1074 (2-24)

= 5.7 x 10° mhos/cm

where

e = charge on the electron.
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The conductivity of hard drawn copper at room temperature is .
about 6 x 10S shos/cm. Therefore, the assumption that the silicon
approximstes a good conductor on exposure to 2,1010 rad(Si)/s is
justified. The above calculation is worst case, however, since both
mean lifetimes and mobility will decrease under this level of radiation.
There are not enough data available to consider this influence on the
radiation induced conductivity at thiz time.

The sources for resistances which add to give the equivalent

resistance of a transistor under irradiation are:(32)

e« ~ 40 mils of 0.7 to 1 mil diameter wire

. Bonding pad (4 x 4 mil) which usually contribute
negligible resistance

Interconnect 0.01 to 0,1 olﬂ/‘qmn
(This is a length dependent problem. Typical
length is =s 10 square therafore 0.1 -« 1 ohm) )

. BRond to junction.

For typical low power, high frequency devices, the minimum resistance
will be in the range of 0.1 to 1 ohm for the collector-to-emitter
resistance. For typical power device the resistance is approximately
one order of magnitude luwwer because power devices do not require the
interconnect. Therefore, for power devices, the worst case resistance
will be in the range of 0.01 to 0.1 ohm.
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A typical value of anode-to-cathode resistance for an irradiated
diode, assuming silicon is 1 perfect conductor, can be estimated in a similar

manner. Diode resistances will vary according to construction technique
where the sources of resistance are the load resistance and the ohmic
contacts made to the silicon. Typical diode resistances are shown in
Table 2-18.

TABLE 2-18 Typical Diode Semiconductor Resistances
Under Irradiation

Iypes Ohrs
Coaputer Diode 0.950
Zener 0.050
Rectifier 0.010

These resistances can be assumed constant and independent of dose rate.

The resistance of wiring and connectors inside an electronic
package can furnish some current Yimiting. A typical electronic package
will contain several printed circ :i% cards and the necessary wiring to
a connector on the surface of the package. The connector joins the
package to the main spacecraft harness. Where possible, the wiring
from the connector is hand-wired to the printed circuit boards although
card connectors are not uncommon. The resistance through a typical
connector has been measured and falls between 0.6 m ) and 1.3 m Q.
Wiring from the connector to a card will average approximately 1 foot
in length. Unless other requirements dictate (such as voltage drop),

wiring will generally be selected according to Table 2-19.

2-105




TABLE 2-19 Wire Resistance

Current Gauge Q/fto
(A) at 50°C
5 22 0.018
7.5 20 0.011
10 10 0.0071
13 16 0.0045
17 14 0.0028
23 12 0.0018

A path through a typical electronic package including circuit and
converter wiring but excluding components will be on the order of
20 m Q.

The above discussion indicates that there will be no
significant current limiting due to inherent device resistances of
0.01 to 0.05 00 for currents up to a few thousand A for a 20 to 30 V
system. Wiring and connector resistance cannot be counted on for
current limiting since the energy source may be connected to the

threatened device by only a few inches of wire.

2.6.5.3 Experimental Studies

Experimental studies have provided some guidelines for use in
estimating the power level reauired to cause junctinrn failures Wunsch
and Bell's(33) paper provides the most useful data for estimating
potential junction failures as a result of currents generated by a

nuclear veapon environment. They derive an expression for the power

2-106




per unit area required to destroy a junction as a function of time.
This expression (Equation 2-25) is derived using a thermal model which

s pet Y e

assumes the junction is pulsed in the reverse directiom and all of the

voltage is dropped across the junctionm.
e [T - -k -
P/A A <, [rm ri] t (2-25)

where
P = power in watts
A = junction area
K = thermal conductivity
p = density
cp = specific heat
Ty = failure temperature
T1 = initial temperature

t = pulse direction in microseconds

Three cases are considered:

1. Heating from 25° to 675°C which is the failure
temperatu-es suggested by Davis and Gentry(3a)

and other workers.

2. Heating from 25° to the melting temperature of
silicon of 1415°C.

3. Same as case 2 except the currents are assumned

to be concentrated in 1/10 of the junction area.
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Equation 2-25 can be writte- as P/A = l:‘& and plots as s
straight line on log-log paper with a slope of -%. These plots allow

a conviaient comparison of devices vith different jun:tica areas.

Figure 2-48 is s plot of the three cases listed above. Wunsch
and Bell measured the failure thresholds for over 1200 devices of
approximately 80 different types. Transistors. diodes, rectifiers,
and zener diodes were included. The times utilized were in the range
of C.1 to 20 us and the power level ranged up to 8 ki per pulse. Most
of the junctions were pulsed in the reverse direction at the avalanche
voltage thus insuring that all of the voltage was dropped across the

Junction.

Figures 2-49 through 2-52 are data on diodes. Some junctions
wvere pulsed in the forward Jdirection and were found f.o0 require more
power for destruction. Some of the transistors vere pulsed from
coliector-to-emitter 2nd found to burn-out at about the same level
as if the emitter-base were pulsed. Intuitively, this would be
expected since the collector-base junction is much largar than the
emitter-base junction. Therefore, it makes no difference whether the
emitter-base or collector-emitter base terminals are pulse. Wunsch
and Bell's cata doe: not substantiatz this, however, since they found
that either one or both junctions burned-out in devices pulsed

collector-to-emitter.

Figures 2-53 ard 2-54 show data on forward pulsing of devices
and collector-emitter pulsing. The emitter-base junction was used for
most of the measurements. Wunsch and Bell concluded that the predominant
failure mode, for these s and sub us pulses, is localized melting across

the junction. The melted regions form resistive paths acorss the
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juncticr which shorts out or masks any other junction action. This
corclusicn was based on examination of scwe of the samples which
zailed vhare the damaze was evident. It appeared that localized
xelting 2ad occurred. In some deviceg sufficlent melting had taZem
place that a ilow of melted silfcon could be observzi. In an actusl
systea ine junctions will sorme’ly not b2 subjected tc svalanche
voltages but the junctions will be »sck bias>d. Radiation effectively
ircresges the conductivity of the silicon te that of a good conductor
ard the bias voltage will be dropped entirely across tie junction.
Figures 2-55 and 2-56 are additional data.

Pigures 2-&9 through 2-54 provide good guidelines for asseasing
junction failure potentizl. Figure 2-49 is illustrative cf integrated
circuit devices. Figures 2-50, 2-51 and 2-52 are representative of
low level rectifliers or switching diodes. Figures 2-53 and 2-54
are representative of NPN and PNP low power transistor respectively.
Figures 2-55 and 2-56 are representative of medium pover transistors.
Note that these curves are plotted with a1 ordinate expressed in watts
so that junction area is not specified. .iigures 2-57 and 2-58 are
plots of power failure thresholds per unic area for diodes and transistors.
The important point to note is that most of the failure points lie
within the worst case limits.defined in Figure 2-43.

Figures 2-49 through 2-56 can be used to estimate the power
level failure threshold for other device types by scaling the data to
the power ratings of the devices without kncwing the junction area.
Figures 2-57 and 2-58 indicate relatively consistent results by
considering the power per unit area to cause burn-out. The power rating
of a transistor is proportional to the junction area as indicated in
Figure 2-59. Therefore, order of magnitude estimates can be made on

other device types by linear extrapolation of the data in Figures 2-49
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through 2-56 to other power ratings. For exasple, the datz on the 4 watt
21498 trangistor in Figure 2-56 indicates a failure threshold of about
850 watts at 1 us. If a 20 wait device is considered, the power

required for burn-out would be approximately 5 times the watt vaiue
(1.e., 4250 watts a 1 ks).

FALA e RS R

A similar rationale can be established for diodes. Figure 2-60
illustrates the average forward rectified current rating (Io) as
a functiou of junction area. Therefore, the diode data can be extrapoleted
on the basis of the diode Io rating.

Figure 2-61 illustrates diode data wheve the dicdes did not
fall due to insufficient pulse power to burn out the devices. The
striking point is that when power per unit area is coasidered, most
of the pcizcs fall on the safe side of the theoretical failure.

Figure 2-63 is & comparison of Wunsch and Rell's data with
Davis and Gentry‘s curves for the 2N2222 transistor. Davie and Gentty(34)
considered longer duration pulses than Wunsch 2ud Bell in their work. There

is general agreement for over five orders of meagnituds in pulse duzatiom.
Figure 2-63 is a ploat of the average of the constants of the lines

for Figure 2-49 through 2-56 when converted to a power per unit srea

basis. Tiue equationt for these lines are:

All devices P/A = 480 t:.lj (2~26)
Transistors P/A = 310 t:.lj (2-27)
Diodes P/A = 560 :"‘ (2-28)
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FIGURE 2-62 Plots of the Semi-Empirical Failure Equations
Obtained fro Iyeory and the Experimental
Data Points. 33
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<hese averages lie very close together and are about midway
between the worst case limits. These expressions cea be used to
estimate failure loads within at least an order of magnitude for most
diodes and transistors. The only pilece of information required is the

junction area or,as discussed, the power rating.

2.6.5.4 Theoretica) Studies

An approach to the problem for transistors was considered by
Hatsbnll(35) where the thermal parameters of the device were used to

predict device burn-out.

The allowable peak power dissipation of a transistor junction
can be calculated if the thermal resistances ard the thermal time
constants of the device are known. The equivalent thermal circuit
of any transistor is shown in Figure 2-64. The total thermal junction-

to-air resistance is:

The steady~state or dc junction temperature can he calculated as:

S e

+ @ (2-29)

T = P ] + T (2-30)

P, = I_ V._ 4+ IV (2-31)
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FIGURE 2-64 Thermal Equivalent Circuic
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FIGURE 2-65 Simplified Equivalent Circuit
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If the maximas allowable junction temperature ( T; ) is specified, the
naximum allowable dc power is given by:

Py (max) = ( TJ (max) -~ '1'A )y / eJA (2-31)

The equatiors are somewhat more complex for the transient case because
the pulse power dissipation depends on the thermal capacitance as well
as the thermal resistance. The expected repetition rate of transient
radiation pulses is extramely low. The foll/wing equatiomns will,
therefore, assume a single rectangular pover pulse of width {tp). 1t
will also be assumed that the tcansistor case is attached to an
infinite heat sink; i.e., the case temperature is equal to the ambient
temperature. The resulting equivalent circuit is shown in Figure 2-65.

With these assumptions, the junction temperature at the end of the pulse

is:

R L P P -tp/750)] (2-32)

where Pp is the pulse power and T;, is the junction-to-case thermal
-1
time constant, and is equal to 8jc x Cpj. The term [l-e.: (-tP/TJci]

is referred to by manufacturers as the transistor coefficient of power,

Cpic-

1f exp(-tp/TJc) is expanded into a power series, the following

result ig obtained:
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is much smaller than Tjc , the high-order terms in the series

are insignificant and exp (-tp/'ch) can be approximated by 1 - tp/‘ch.
Therefore:

If ¢t
P

-1
(CPJC> s tp/TJc (for tp << TJC) (2-34)

When this expression is substituted in Equation 2-32, the following

expression for junction temperature is obtained:

c p rac Sp/Tec (2-35)
The peak power which can be dissipated in the junction is therefore

\ -
b, » (:axf T¢) T3¢ (2-36)

JC tp
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The thermal resistance ( 8¢ ) can be measured or calculated
from the data give.. on transistor specification sheets. The maximum
allowable junction te.;aruture should be selected to meet the device
applicetion requirements. Thermal time constants were measured for
integrated circuit transistors iu flat pack, TO-5 cans, and dual~in-
line packages. It was ftourd that at least three superimposed time
constants were involved for each package type. The shortest measured
time constant of signficance was found to be 1 ms. This value agrees
quite well with the values reported in the literature for transistors
in TO-5 cars.

The maximum power dissipations and thermal resistances for
2N708 and 2N709 traasistors mounted in TO-5 cans are given in Table 2-20.
The 2N708 and 2N709 transistors have characteristics which are similar

to transistors which are used in modern integrated circuits.

35)
TABLE 2-20 Transistor Thermal Characteristics(
eJA PDJA eJC PDJC

2N708 480%¢ fw 360 mw 150%¢ /v 1.2 w
2N709 585% /w 300 mw 200%¢ /w 0.5 w

The values in Table 2-20 were used to calculate the allowable
peak power dissipation for these transistors for various values of tp

and Tic for which tp/'rJc < 0.1. These data are plotted in Figure 2-G6.
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It is immediately apparent that, for radiation pulse widths of
1 bs or less, the aliowable peak power dissipation is greater tham 100 watts

even for short thermal time constants.

If the regults for the 2N708 for a T3¢ " 1 us are plotted
on a figure such as 2-53, the resulting line is a reasonably
good fit for the forward pulsed data. Intuitively, this might be
expected since in the forward pulsed condition and in the condition
wnare the thermal parameters are defined, the device bulk properties
have more effect than in the case where the bulk propertiss can

effectively be removed either by radiation or by avalanche pulsing.

2.6.5.5 Radiation Studies

Twenty devices were tested at the Hughes Linear Accelerator
for catastrophic failure due to excessive secondary photocurrent (ippz).(36)
The circuit used for measuring ippZ is shown in Figure 2-67. The
base lead was left open so that all the primary phutocurrent (ipp)

rjould generate secondary photocurrent,

A plot of the pulse width (of the radiation pulse) versus
the power (watts) generated by the secondary photocurrent is shown in

Figure 2-68 for those transistors that suffered catastrophic failure.

The dose rate failure modes of the trausistors chat suffered
catastrophic failure are analyzed in Table 2-21. Comparing these data
with that in Figure 2-56 indicates a reasonable correlation between
the rad.ation-induced burn-out and the electrical bench testing at the

avalanche voltage.
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TARLE 2-21 Device Pailuze Modes Dre
Tc Dose Kate Effects

Trangistor Y t I Power Dose Raute Failure Mode®
Type 1010 v2d(S1)/z @s) (A) (Wates) 1 2 3 & S5 6 7
M2270° 3 6 20 560 X
2M2270° 3 6 20 560 X
2M2270° 3 6 26 560 X
243733° 3 6 9 252 X X x
3733 3 6 14 392 X
2IN3733° 3 6 16 392 X
203733’ 3 4 9 252
an40123 3 6 9 252 x
4012 2 6 4 12 X x
2M4012° 3 6 6 1% X
2Me128 " 3 6 18 504 X
2N4128° 3 6 20 560 x
3rE225" 3 3 38 1064 x
3TEz25° 1.2 ¢ 37 1036 x

} 3TE225° 6 0.15 15 %20 x
ITE4L0° 3 0.6 35 980 X
PT2917% 1.4 6 120 330 4
PT2917° 2 1 120 3360 X x
TA70361 3 6 20 550 X
147036° 3 6 19 53, X
* See next page for dose rate fuilure mode defiuition
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Definition of Transistor Failuze Modes for Table 2-21

Bo sustained damage

Bagse lead burned off at chip

Emitter lead burnmed through between post snd chip
Too much carbon on chip to anslyze damege

Internal open, potted construction prevents
further analysis

Ceramic header loose from heat sink

Chip shorted emitter to ccllector
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FPigure 2-69 illustrates an important concept. The BHughes
electrical test data on the 212222 is plotted along with Wunsch and
Bells data extrapolated. The Hughes data was taken by pulsing the
transistor base and allowing unlimited collector-emitter current to
flw. The collector voltages were kept below the maximum ratings on the
Hughes data. The imporzant point is that s much higher (order of
magnitude approximately) power level was required to burn-out the tran:istors
for this case as opposed to the avalanche condition. If the sssumption
that avalanche and radiation are identical with respect to burmn-out
potential, then these data illustrate the potential vulnerability to
radiation induced catastrophic failure of transistors which normally
would be working below the fsilure threshold.

Figures 2-70 and 2-71 {]llustrate some Hughes generated
electrical test data on integrated circuit transistor kit parts
consisting of transistors and intercomnec .3 mounted on a header.
There are five collectc.-base geometries (A through E). The
junctions (emitter base and coilector base) were pulsed in the
forward direction. An attempt was made to establish wiich junct.on
(E-B or C-B) will bura-out first. The burn-out dependence on aves
was also studied. As indicated in Figure 2-70, the dats spread dia not
allow eitaer determination to be made. Figure 2-71 is the data plotted
in power per unit area with Wunsch and Bell's limit drawn for reference.
Many of the devices lay outside these lixits which is understandable
since most of these are emitter-base junctions and the p wer per unit
area is determined by dividing a relatively large number by a very small
one. The small number has a large error associated with its determination.
An additional variable in these data is that interconmect burn-out
is also evident. The only {nfcrmation to be gleanrd from these
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data is that they are representative cf whxt lLappens in integrated circuilt
transistors, but the various failure mndes are not separable. The data

is in the same general power level area as Wunsch and Beil's data shown
{n Figures Z-54 through 2-63.

2.7 MOSFET'
MOSFET's and integrated MOSFET arrays are particularly

attractive for employment in space systems because of cheir low power
requireasents and their low weight per function. They are, however,

very susceptible to permanent damage at very low integrated radiation
doses (gamma and/or space electron radiation). The threshold for
permanent damage for most currently available MOSFET's is ~ 10“ rad(Si).
Shielding can be employed to reduce the radiation dose to acceptable
ievels 1if necessary. Of course there is a weight penalty to comsider
when using shielding, especially in space systems. Gate-turn-on-voltage
(Vp) is the parameter most affected by radiation. VT usually becomes
more negative and can exceed -10 V at 105 rad(Si).(Ba)

MOSFET's are not significantly affected by neutron irradiation.
No significant changes in electrical parameters have been observed ut neutron
doses up to 2 x 1015 n/cm2 (E> 10 keV).(Bs)

As in the case of other semiconductors, MOSFET's are affected by
transient ionizing radiation causing the generation of junction photocurrents.
Radiatton-induced electrical trapsients may cause permanent damage (burn-out).

Transient effects on MOSFET's and system considerations are:

A drain-to-source substrate photocurrent is
exhibited

Secondary photocurrents are not present
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There are no radiation storage time effects analogcus
to those in bipolar transistors. However, long decay
times which are a function of the high gate impedance
have been observed after the radiation pulse terminates.

Currently :vailable circuits which use MOSFET's as
resistors may have radiation-induced short :ircuit

paths.

Punch through of the gate insulation under irradiation
does not pose a threat if diode limiters are
fabricated as part of the circuit.

On large integrated arrays, the drain-substrate
photocurrents become significant and approach the
same order of magnitude as the photocurrents
observed for monolithic integrated circuits with
comparable geometry. Therefore, for power supply

leads and other interconnections,burn-out is a threat.

There appears to be no PNPN latch-up mechanism
in MOSFET arrays.

State-of-the-art devices with silicon-on-sapphire
~onstruction and short carrier lifetimes may have
less photocurrent by two orders of magnitude than
equal geometry bipolar devices. Radiation-induced
short circuit paths may , 2liminated and the damage
threshold sculd be improved. However, these devices

are not currently available in quantity.
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. Shielding should be provided sgainst normal space

radiation to insure mission completion.

. Current limiting resistors should be provided to

prevent burn-out.

Examination of the above summary indicates that the radiation
threat tn MOSFET's reduces to catastrophic burn-out of power supply or
circuit interconnections as a result of large radiation-induced
transient currents. The threat to the power subsystem will be due to
the substrate currents as in the case of monolithic integrated circuits,

2.8 Si14 1 Rectifie

Silicon controlled rectifiers (SCR's) are four-layer semiconductor
devices which regenerate and switch upon application of an input pulse.
After removal of the input, the devices remain in the switched state.

Like most semiconductor devices, SCR's are sensitive to ionizing

radiation. Radiation generates a photccurront within the device. If

this photocurrent is above a certain threshold level, then the SCR

switches and changes its output voltage and current states. Radiation
switching thresholds vary over a range of at least four orders of megnitude
(10,000:1) for available SCR types and typical circuit design techniques.
Of particular interest to the designer are the worst-case radiation
thresholds, below which switching will never occur.

(39) that the transient radiation switching

it has been found
thresholds (critical radiation exposure rate) for SCR's are functions
of the radiation-pulse width. For pulse widths greater than a critical

value, the exposure rate required to trigger an SCR becomes constanc.
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This critical value is a function of the device minority-carrier lifetimc
and device "turn on" deley time. For pulse widths less than the critical
value, the exposure rate required to trigger an SCR increases rapidly as
the pulse width approaches zero. The dependence of the switching
threshold of a 2ZN3027 SCR on pulse widths and radiation exposure dose
rate can be seen in Figure 2-72. The critical pulse width for this
device is approximately 1.3 us.

The transient radiation switching theshold of particular SCR's,
in most circuits, can be approximated by electrical measurements. Studies
show(38’39)thnt strong correlations exist between radiation-induced and
electrically induced SCR switching. Strong relationships have been
shown, for a limited number of SCR's, between threshol. radiation-exposure
r?tes ( YT ) and radiation-induced threshold currents ( IQT); and between
IYT and electrically induced threshold gate currents ( Iy ). These
relationships have been =implified for presentation. At this time, these
simplified reiationships are estimated to have general validity within
a factor of four (adequate for many predictions) Lf the radiation
predictions are perforued, with respect to elecctrical measurements as

outiined below.

The general SCR circuit applicable for radiation-threshold
predictions for a particular radiation pulse width ( tpx ) is shown in
Pigure 2-73. Using this circuit, the following electrical parameters

must be determined:

IGrl = gate threshold current at tp = 1us
ICTX » gate threshold cuvrent at pulse width of interest
’ (¢_ =t )
p X
VGTI = gate thrr shold voltage at tp = 1 us
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In addition to the above data, the switching time, t; , of the psrticular
SCR must be determined. The circuit iz Figure 2-74 mus® be used for the
t; wmeasurement, The empirically determined correlation between the
radiation~induced iovnization current. IYl, (for a 1 us pulse width) and
the switching time t; is shown in Figure 2-75. Using this correlation
the following feoirmula for the threshold radiatiom exposure rate can be
derived:

v V.. -V
10%) Loy [1 + S, -QT—L——-G—G]

1.2 1.2
i = — .3 L (2-37)
T -t __[0.15

e ] 1.1-0.15/t (l-e px )

s PX |

where tpx is the radiation pulse width of interest measured in microseccnds.
Equation 2-37 is valid if the anode supply voltage VAA is less than one-half
the SCR breakover voltage and the parallel combination of the gate

impedance Z; and the source impedance (Zs) is greater than 500 ohms.
Equation 2-37 will give the mean threshold exposure rate. If worse-case

prediction is required then yp should be divided by four.

Figure 2-76 illustrates some SCR parameters as a function of
neutron dcse. Gate turn-on voltage (VGT), gate turn-on current (IGT)’
and holding current'(IH) increase with increasing neutron dose. The
holding current increase is actually an advantage in the circuit of
interest because it accelerates turn-2ff, SCR's will be usable at

doses greater than 1013 n/cmz.
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1f SCR circuitry i{s to be used in a dc system. the SR should
be used with 2 current lizited power source. An acceptable ci:icuit is
illustrated in Pigure 2-77. The capacitor (C) is charged through Ql’
an?d the SCR 1is trigzered by a short pulse. The only current source
for the SCR is C, which discharges rapidly. The SCR will turn-off
vher the current supplied by C falls beiow the hoiding current. Under
irradiation, the SCR and Q1 will tum-on. Qi attempts to charge C
wvhile tbe SCR discharges C. The discharge time constant is much
shorter than the charge time constant; therefore, the SCR will not
stzy on for any prolonged time due to radiation. D1 also helps
discharge C under jrradiat:on.

2.2 Solar Cells (See Classified Supplement - Section 2.9)

2.10 Otker Components

Most other electronic piece parts used in space power subsystems
wili not limit system survivability. Damage due to neutrons and gamna
rays should be negligible when compared to minority <arrier semiconductor

effects. Electronic materials and parts which are considered hard are:

. transformers

. chokes
. TWT's

. cebles
. wiring

. batteries
motors
copnectors
strip lines
fuel (nydrozine)
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. passive microwave parts (mixers, hybrids, switches)

c structural materials (metals, organics, see Section 3.0)

Quartz crystals may experience some degradation at moderate gamma dose
levels. A permanent change of spproximatelv 13 Hz is expected for a
130 MHz crystal at a dose of 5000 rad(Si). The Q decreases by a factor
of 2 to 4 for a dose of 2 x 104 rad(Si), but it recovers i{n a few

minutes after the pulse terminates.
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3.0 MATERIAL EFFECTS

3.1 Mechanisms

3.1.1 Atomic Displacemerits

The most characteristic effect of high energy radiation {-
materiais is the production of displaced atoms. This effect is
associated with the neutron component of the nuclear weapon eaviron-
nent. These atoms are formed when an incident high energy particle
transfers sufficient energy to an atom of the solid to literally knock
it out of its lattice position. This energetic atom, termed the primary
knock-on, can in turn displace other atoms in the solid, so thac a
cascade of displaced atoms can result. There will occur in the material,
therefore, regions in which the normal crystal structure is disordered.
The sensitivity of a given material to neutrons, then is associated
with the presence of these disordered regions and to the extent to

which they affect a particular material or physical property.

3.1.2 Atomic Ionization

A second characteristic effect that occurs in materials ex-
posed to high energy radiation is the excitation and ionization of
atomic electrons. This can occur simultaneously with the production
of atomic displacements, or it can occur as the predominant effect in
a mater.al. Genar.lly, the effect of ionization is to be associated
with the gamma or x-ray radiation component of the nuclear weapon.

The extent to which ionization or displacement production dominates for
the total weapon environment depends upon the material itself, thsit
is, whether it is a non-metallic inorganic, an organic, or a metallic

substance.
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3.1.3 Thermomechanical Effects

A third effect that can occur in the nuclear weapon environ-
ment is associated with the x-ray component of the nuclear weapon. This
effect, uniike the two effects discussed above, is best thought of as
a bulk, rather than an atomic effect. It occurs when the energy deposi-
tion is such as to heat the material significantly on a time scale of

the order of the radiation exposure.

3.2 Organics

The clan of organic materials is a large one and includes
elastomers, plastics, and orgenic fluids. As a general rule radiation
effects in this class of material are associated with the ionizing
effect of high energy radiation whether this results frcm gamma rays,

x-rays, or indirectly from neutrons.

These materials can be divided into two commonly occurring
classes. The first consisting of long chains of repeating units with
a molecular w2ight exceeding 106. These are essentially one dimensional
molecules. Examples of lonyg chain molecules are polyethylene, rubber,
Teflon, and cellulose. The second is a class consisting of a three
dimensional network of polymers that can be thought of as one giant
molecule. Three dimensional network type materials are ureaformaldehyde,

phenol-formaldehyde, and vulcanized rubber.

The sensitivity to radiation of the polymer comes from radia-
tion induced breakage of one bond in a polymer consisting of 10S bonds
or radiation induced cross linking. This will double or halve the
molecular weight which in turn can alter the important physical

properties such as viscosity, elasticity, and solubility. 1In addition
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to these physical changes, gas evolution can also occur in some

polymeric materials as a result of radiation exposure.

3.2.1 Elastomers

In the case of these polymers it should be realized that the
recipes for specific types can vary in their composition and that

correspondingly, the response to radiation can be somewhat different.

The elastomers generally are stable to radiation up to
106 rad(C) with natural rubber being among the best since it is
unaffected by radiation up to about 2 x 106 rad(C). Above this there
is a tendency towards decreased elasticity and increased hardness.

A decrease in tensile strength is not observed until about 2 x 107

rad(C).
Polyurethane rubbers are the most radiation tolerant with a

threshold at about 9 x 106 rad(C). A degradation of about 25% at an

expos.re of 4 x 107 rad can be expected. Vacuum irradiation has

about the same effect as air irradiation. Combined radiation and

temperature effects up to 260°F are the same as for radiation alone

with respect to tensile strength. Cure and filler are important,

however, in determining exact radiation tolerance of this class of

)

rubber. It was found(1 , for example, that Estane VC cured with
dicumyl peroxide was the most radiation resistant compound t.~ted.
Adiprene C, reinforced with carbon-black and sulfur cured, on the other

hand, showed poor resistance to radiation.

Butyl rubber is the least stable to radiation. Tensile strength
and elongation are degraded 25% at about & X 106 rad(C)(2 ).

Neoprene varies in its response tc radiation, depending upon
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the type of polymer, cure and additives; in general tensile strength
¢ :creases for radiation exposure in the range of & to 9 x 107 rad(C)
¢1d then increases again with increasing exposure. Data obtained on
the effects of vacuum irradiation are in conflict. The results of
Kerlin(3 ) indicated that combined vacuum-gamma radiacion effects

were more severe than irradiation in air. At 2 x 107 rac¢(C), the
tensile strength for vacuum-gamma irradiated samples decreased from
3134 psi to 191 pai. 1In another experiment( a), little difference was
noted between vacuum and air irradiation results.at an exposure of

8 x 107 rad(C).

Si{licone rubbers, in general, are less resistant than the
average of other elastomers. The tensile strength increases with
irradiation in air to approximately 107 rad(C) and then decreases
rapidly. Elongation is the property most sensitive to radiation, 50%
elongation being retained after exposure to 5 x 107 rad(C) at room
temperature. For gamma radiation in vacuum it ‘5 found that the
radiation resistance is about the same or somewhat greater than in

air.

The relative behavior of elastomers under radiation is

().

summarized in bar-graph form in Figure 3-1

3.2.2 Plastics

The resistance to rad:ation of plastics falls roughly into
three classes. 1In the first are those showing res{stant behavior to
107 to 109 rad(C). These are polystyrene, mineral-filled phenolics
and polyesters, phenolic laminates, polyethylene, polyethylene terephtha-
late, polyvinyl chloride, epoxies and glass reinforced siiicones. The

25% degradation point is in the range 108 to 169 rad(C). Tue second or
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Damage Utility of Plastic

{1 Incipient to mild Nearly always usabie
2222777273 Mild to moderate Often satisfactory
SN Moderate to severe lLimited use
E—====5 Incomplete data

Polyurethane rubber L 1727777 3
Natural rubber r RIS SISV |
Adduct rubbers iy 7777777
Styrene-butadiene {SBR) { Y2777 77 .
Viton-A f V77 A
Poly FBA C RVIIIR
Cyanosilicone rubber rC B4
Vinyl pyridine elastomer [ 7777/
Acrylouitrile rubber H | |
Nitrile rubber [ v777 77
Neoprene rubber — V-7
Hypalon C == _ |
Kel-F L v |
Silicone rubber C 77 7R
Polyacrylic rubber { 177777
Butyl rubber { B2,
Polysulfide rubber C 7777/

104 16° 106 Y 108

GAMMA EXPOSURE DOSE, RAG (C)

(5)

FIGURE 3-1 Relative Radiation Stability of Elastomers
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intermediate class with respect to radiation degradation include:
oelaxine fc-maldehyde, unfilled phenol-formaldehyde and area-formalde-
Lyde. This class remaine u: ffected ty radiatica up to the range 106
to 167 r4d(C) with 25% degradation at 19 to 10° rad(c). The third
or poorest class is cade up of the cellulosics, polyamides, Tefion,
and unfillad polyesters. Degradation thresholds in these plastics

£,
occer at 10° te 106 rad(C).

Because of the relative hardness of the first class of
plastics above with respect to a radiation environment, further
detailed discussion of it is cmit‘ed. Because of the relatively low
threstolds cf the last class, on the other hand, a more deZailed
discussion is warranted together with a somewhat less detailed dis-
cussion of the second class. The relative behavior of thermoplastics
and thermosetting resins as a function of radiation dose is presented

in bar-graph form in Figures 3-2 and 3-3( S).

3.2.2.1 Fluorethylene Polymers

This class of polymers is perhaps unique in that its members
combine exceptionally good temperature and chemical resistance together
with a tendency to degrade ia the presence of radistion, with the
degree of radiation degradation depending criticaily upon the ambient.
Early tests on Tefion showed a relativel!y pocr radiation resistance in
air aid it was inferred that this would limit its usefulness generally.
later tests, however, indicated that its resistance to radiation ex-
posure in vacuum is about two orders of magnitude better than its

resistance when exposed in the presence of oxygen.

Of the seeral types of fluorcarbon polymers, FEP100 Teflon

(2 hexailuorspropene and tetrafluorethylene copolymer) is considerably
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81132-99 .
Damage Utility of Plastic
C——"—/—"" Incipient to mild Nearly always usable
Mild to moderate Often satisfactory
U Moderate to severe Limited Use
Phenolic, glass laminate [ Y73
Phenolic. asbestos filled [ 127773
Phenolic, unfilled | - Y2 2727773
Epoxy, aromatic-type C : Y272277 R
curing agent
Polyurethane C YZ277772.772
Polyester, glass filled | - Y7777/
Polyester, mineral filled ([ V2272772777727 N
Dianyl Phthalate, mineral [ YLl e
filled
Polyester, unfilled
Mylar C Y7 277727 727777 7
Silicone, glass filled C Y7777
Silicone, mineral filled C Y772 777 7% .
Silicone, unfilled - L7727 7773
Furane, resin | - Y27 272777/
Melamine-formaldehyde [ Y7777 77777
Urea-formaldehyde — V77727777
Aniline-formaldehyde
105 106 107 109 109 1010
GAMMA EXPOSURE DOSE, RAD (C)
Figure 3-3 Relative Radiation Stability of Thermosetting Resins(S)
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more radiation resistsnt in air than TFE Teflon (tetrafluorethylexe).
The thrashold damage for TFE in air is 1.7 x 10° red(C) with a 25%
degradation occurring at 3.4 x 10“ rad(C). Ir vacuum, the tensile
strength of TFE is satisfactory to 8 x 107 rad(C). FEP Teflon is also

more stable under irradiation in the absence of air. A set of data
(6)
is

comparing vacuum and air irradiation as obtained by Shaffner
shown in Table 3-1.

Radiation test results(3 ) in Duroid 5600, a glass-fiber-

reinforced Teflon show a retention of 40% of tensiie strength and

some flexibility at 1.2 x 108 rad(C) in air.

Tedlar'3) (polyvinyl fluoride) in the form of a 4-mil film

was radiation resistant to 108 rad(C) but decomposed above thet level.

(3) (polyvinylidene fluoride) retained its tensile streagth

under irradiation in air and vacuum to a threshold of 107 rad{(C).

Kynar

In addition to the mechanical property, the dielectric
behavior of the fluorcarbons is also affected by radiation. The low
frequency dissipation %actor of TFE Teflon is considerably affected
by irradiation. The loss at high frequencies is less affected. As
in the case of the mechanical property, dielectric behavior is in-
fluenced by ambient oxygen during radiation exposure and recovery.
At frequencies less than 1000 Hz and at a dose of 2 x 106 rad(C) the
dissipation factor of TFE-6 Tefion increases approximately 13 times
its original value(7 ). For FRP100 Teflon, In contrast, dissipstion
ard dielectric constant are reiatively unaffected by i{rradiation in

vacmxm(7 ) at 6 x 106 rad(C).
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3.2.2.2 Cellulosics

Cellulose polymers are cellulose acetate, cellulose acetate
butyrate, cellulose nitrate, cellulose propionate and ethyl cellulose.
They are in the class of plastics with the poorest radiation resistance.
Physical properties deteriorate rapidly under gamms radiation. At
1.9 x 107 rad(C), cellulose acetate, one of the more radiation-resistant

cellulosics, has deteriorated by 252( 3).

3.2,2.3 Polyamide (Nylon)

The material is used generally for gears, bearings, valve
seats, and electrical equipment. The radiation behavior of nylon
depends upon its physical form. In sheet form a threshold for damage

is at 8.6 x 105 rad(C). Its tensile strength increases with radiatioun

exposure( 8) Nylon fiber on the other hand is reported to lose strength

(9

rapidly when irradiated in the presence of air

3.2.2.4 Polyesters (Urfilled)

Unfilled polyesters have poor radiation resistance. The addi-
tion of mineral fillers, however, can increase radiation stability about
two orders of magnitude. Plaskan Alkyd, a mineral filled polyester,
begins to deteriorate at 8.7 x 107 rad(C) while the unfilled polyester

exhibited deterioration at 105 to 106 rad(C).

3.2.2.5 Amino Resins

This class of materials includes ureaformaldehyde, melamine
formaldehyde, and amilene formaldehyde. They are thermosetting resins

used in shock proof laminates and wiring devices, as adhesives, and in

surface coating formulations.

3-11
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Uresformaldehyde is unaffected to a threshold of 7.4 x lostad(c),
aad iz degraded by 25% at 1 x 108 rad(C). Urea and melamine formaldehyde
when filled with cellulosic materials is observed to become brittle,

(8

blister, swell, and crumble upon exposure to gamma radiation

3.2.2.6 Polyimide

Fibers of this material (HT-1, DuPont Namex yarn) are unaffected
( 5). Dupont "H" film considered for

use as a8 hydrogen barrier was irradiated in liquid nitrogen. Tensile

to au exposure of 3 x 108 rad(C)

and tear strength were not affected to s significant degree at an
exposure of 2 x 107 rad(C), nor did radiation effect hydrogen permea-
bility.

3.2.3 Organic Fluids

As in the case of solid organic materials, the primary radia-
tion effect in the fluid is the rupture of bonds leading to material
degradation. For overall radiation stability, branched chain esters
for example, isoprcpyl, are less stable than straight chain compounds(lo).
Arometic compounds are generally more stable than aliphatic structures
as & result of the ability of the aromatic molecules to dissipate
energy absorbed from incident radiation without bond rupture. Also
the addition of aromatic compounds such as benzene to aliphatic hydro-

carbons increases their radiation stability.

Because of their superior characteristics in a high tempera-
ture or combined high temperature radiation envircnment, the
peclyphenyl ethers and alkyleted aromatic ethers are likely to be
cardidate lubricaants coolants, and working fluids for space power
systems. With respect to the gamma and neutron components of the

nuc lear weapon environment these materials possess radiation thresholis




(>.107 rad(C)) for degradation considerably abov. that likely to be
encouutered. Therefore no detailed discussion of their relative
radiation resistance will be given. Instead bar-graph data is shown
in Figure 3-3 of the relative radiation behavior of various types of

1
lubricants.(l )
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4.0 GENERAL SYSTEMS AND CIRCUITS CONCEPTS

4.1 Description

Effects due to the interaction of 8 nuclear environment with
circultry sre discussed in this section. Radiation hardening guide-
lines and techniques which are applicable at the circuic and subsystem

level are sumasrized.

One ares of -oncern is the transient effects caused by high
radiation dose rates. Provided a recovery to normal operation is
insured, the effect of this transieat radiation disturbance will be
to effectively cause a system "dead time' during which the system will
aot function properly. This dead time may range from 50 nanoseconds
to several milliseconds. Transient effects will manifest themselves
at the circuit and system level as severe overloads and overdrive
conditions. Component damage and burn-out, insulstion failure, and
the generation of spurious signals are areas of concern. A circuit,
subsystem, or the complete system can be threatened by component
damage or can be forced into an operating mode that is irreversible,
The transient radiation interacts with the spacecraft power distribu-
tion system in such a manner as to make maximum powver available for
several tens of microseconds. Soi.r cells are excellent energy
converters for {onizing radiation. At the same time the load current

increases due to radiation-~induced currents.

In power subsystems which use golar cell power backed up by
batteries, other events may occur simultaneously with the increase in
solar power capability. The battery controller switches, power supply
switches (to redundant circuitry) battery charging switches and

telemetry switches will be affected by the transient radiation pulse.
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The rsdiation pulse can turn on all of these switching functicns and
lock them on for several tens of microseconds. Maximum energy is
svailable to the system during this time. The solar cells can provide
several timee their normal current, and with the batteries connected

to the primary buss, the battexries are charged with s current seversl
times their normal rate. The system iuz? is increased considerably,
all redundant circuitry is powered, and saturation conditions exist
throughout the spacecraft electronics. Large currents will flow during
this time which can csuse component damage if the currents are not
limited to safe values. The series pass transistor in regulators may

be severely overloaded during this time.

Buss limiters are sometimes incorporated into space power
systems. Their function is to limit the solar .rray output voltage.
The radiation environment will turn on the l!miters but the limiters
will be ineffective in shunting all of the excecs current availabie

since they themselves are current limited.

Some circuit applications (typical of satellite systeus)

where component damage might occur are discussed belaw(1 ’,

Figure 4-1 illustrates an evsmple found in a telemetry
encoder. Normally only one transistcr is ON at a time. Radiztion can
turnboth transistors ON and short the power source to grouri through
the transistors. The power source can be current limited i1 this case

but damage may still occur due to the low power devices generally used.

Figure 4-2 illustrates motor controi (simplified) circuitry.
The motor is switched to +V for acceleration and to ground for braking.
Radiation can turn both transistors ON and short the power source to

ground through the transistors.
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FIGURE 4-1 Telemetry Encoder Circuitry

DESPIN
MOTOR

+V

B
4

Figure 4-2 Motor Control Circuiltry

4-1




Figure 4-3 illustrates 8 portioc of 8 dc-dc courerter where
one transistor is normslly OX and the other OFF. Redistion csn tura
both transistors ON snd short the power sour.? tc ground through the
transistors and the lov impedsnce trsmsformer wicding. BRech tramsistor
is presented with 8 short circuit losd due 1o the traasformer sction.
Precautions should also be taken tc insure that the oscillstor in the
dc-dc converter will start sfter the transient radistion distarbence.

Figure 4-4 1llustrates 1 problem that might exist due to
unifited photocurrents. The capecitor is charged prior to the radia-
tion pulse and the diode is reverse-bissed. During the transiert
radistio~ di{sturbance the dicde conducts and preser.s 8 very low
impedance to the capscitor. The hizgh current wlich flows may damsge

the disde.

The chort circuit current and time zejuired to burn-out some
specific types of transistors are snown in Table 4~i. These data are
representative of the situatior where s transistor is connected

between an energy source snd ground without adequate cucrent limiting.

TABLE 4-1. Transistor Burn-out Zurrent and Time

Iype Time Current-Short Circuit
(us) {A)

2N388 25 7

2N955 25 0.5

2N1308 25 100

2Nlol3 25 1

2N2222 25 0.34

PT2917 25 100
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Diode-~Capacitor Circuitry

FIGURE 4-4
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A problem peculisr to linesr circuits is thst of proloanged
settling time (after s transient radiation disturbance) due to the
circuit time constaxts. Coupling and bypass cspscitors, filters, and
frequency shaping networks msy prolong the circuit recovery time.

These circuit elenents should be kept to s minizum snd, vhere possible,
filters snéd frequency shaping networks should be located at the circuit
output to eliminste the effects of circuit gain. An effort can thus
be made to keep the circuit recovery time on the order of the component
Tecovery times.

The interaction of the trantient radistion disturbance with
the system can be considered as the generation of a noise pulse through-
out the system vhere each componeat is an effective pulse gererator.

The pulses generated in the cooponents propegate through the normsl
signal raths, being smplified and/or cancelled in the process. The
techbniques for kandling noise are spplicable to the radistion hardeming
process. Filtering, canceliation, and differential techniques can be
used as hardening techniques.

4.2 Linesr Awplifiers

Nuclear irradistion of components causes trasnsient and

permanent: distiurbances within and around the individusl components.

A given component msy have more than one parsaeter which is disturbed.
A transisvor will experience changes in base-collector leaksge current,
current gain, saturation voltage drop, leakage resistance, base %o
eritter voltage drop, etc. For & given type of transistor, however,
some parsmeters may experience a large disturbance and other parsameters
may experience orparatively small disturbances. The overall effect
on the circuit in which this component is used depends upcn those

radiation-incuced variations in the paramrters of the device which are
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most important for the psxticular circuit spplicstion. For sn open-
loop ac smplifier. the current gsin parsmeter {s normally most
important, but for s cosmutating switch the ssturstion woltage
psrsmeter is normslly most importsnt. The process of hardenirng
requires that the circuit components be selected on the basis of a
tolersble parameter change vith regard to the specific circuit
application vhich the component must fulfill.

Beta degradation due to nuclesr radiation dose (primsrily
neutron dose) reduces the maximm gain capsbility of an open-loop
amolifier, and consequently sdditional stages miy be required to
msintain 8 minimm input-output signal gain. Bets degradation mey
also reduce the open-loop gain capability in s closed-loop (operational)
amplifier applicstion sand thus degrade the accuracy performsnce of the
saplifier. Again, sadditional stages may be requirad in order to
easire adequate open-loop gain, after radistion exposure, to maintsin

a specified accuracy performsnce.

Successive emitter-follower stages, wvhere NPN and PNP transis-
tors follov each other, sre of concern during transient saturation,
since the collector power supplies will essentially be shorted
together through the trsasistors. The trsunsistors may be destroyed
by the resulting excessive current flow th: )ugh then.

Amplifiers which use emitter resistors to present s high imput
impedance, will suffer a decrease in input impedance as beta degrades,
since thiz imp:dance is a function of beta times the emitter circuit

resistance.

The guiescent operating point of a capacitively coupled

amplifier may change {f the decrease in transistor input impedance is

4-7

o snsrasons o witilkh




ST AR At At v 4
s
,

sufficient to losd down the bissing network. If this effect is
importent with respect to the amplifier cutput, ther & lower
{mpedance bias network msy be required. A permsneant incresse in vn
due to neutron dose mey also csuse & change in the swplifier opersting

. poinz:.

The recovery time to a normal oulput condition of a transistor
smplifier responding to 8 transient disturbence, is 8 function of the
relsxation time of the transistor, the loading circuit, and the driving
circuit. The relaxation time of the loading and driving circuits mey
greatly exceed the relsxstion time of the transistor if they coniain !
reactive (cspscitive or inductive) coupling elements. These areas of
- signiffcance in the radiation response of linesr smplifier circuits

are summarizec below:

. Changes in conductances between nodes, the creation of

ref lacement currents, and primary photocurrents

. Secondary photocurrents

. Delayed component responses

. Circuit interactions and recovery modes

Of the four causes of disturbance in iineer smpiifier circuits
listed, the last, circuit interactioas, is the fundamental cause of

long recovery times or "black out” perifods. The circuit designer musc

be acutely aware of chis type of circuit disturbance.

The effects in the first item are thoses shich closely follow

the time nistory of the garma radiation pulse. These effects may be
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represented by the addition of simple conductance paths or current
generators in an equivalent circuit. Secondary photocurrent is handled
separately since it is oot a simple function of device physics, but is
also dependert on circuit {mpedances and time constants. Delayed
component responses are those vhich persist for some time period after
the ionizing radiatinn. One such effect is the delayed conductivity

of dielectrics. The last category, circuit intersctions and recovery
modes, {s peculisr :r that it is not fundamentally a funccion of radis-
tion effects on components, but rather an effect vhich occurs due to
the electricsl interaction of components in the circuit topology. This
is discussed in detail in Section §.3.

Normal methods used in mirnimizing overload recovery problems
in conventional circuitry may be applied in solviag the "black out”
phase of the radiaticn problem. However, in cenventionsl design, the
circuit engineer need be concerned oaly with signals at the circuit
input. Under transient radiation conditions, effective inputs are
present at each component. Minimization of overload recovery after
ionizing radistion is then much more difficult than for simple signal

conditions.

Figure 4-5 {llustrates prolongment of circuit recovery time
(2)

from transient radiation. Here the signal preseat from a previous
stage causes charge integration to oczur or 8 coupling cspscitor.

This change of charge results in an undershoot at the transistor base
and a subsequentlv long recovery time at the coilector. This situation
is familiar to the designers and users of nuclear pulse height
analyzers, since this charge integration is nothing more than an
extreme example of "base line shift'. The other cause of charge

changes on circuit capacitors, fonization leakage, is of course often
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significant, but must not be confused with electrical signal integrs-

tion.

Direct-coupled stages normslly recover as a function of the
relaxation time of the transistor, and are therefore preferred, 1f
bias stabilization criteria can be satisfied.

The other three causes of oversll circuit disturbances
(leakages, replacement currents, »rimary photocurrents and secondary
photocurrents, and delayed compounent responses) are disturbance inputs,
at the component level, which cause long reccevery times. The minimize-
tion of any of these three inputs by usiag less radiation sensitive
components will enhance overall hardness {in general) but does nothing
to reduce the potentiai electrical recovery time i{f ¢ircuit topology
remains unchanged. Therefore, since the circuit electrical recovery
is most often the primary contributor to overall circuit malfunction

and "black out", it warrants first consideration in circuit hardening.

4.3 Nonlinear Circuits

Nonlinear circuits such as flip-flops and other logic circuits
will be the least vulnerable to a nuclear environment, insofar as any
permanent damage tnat nmight result, although temporary inoperability

may occur.

Logic circuits are nonlinear in normal operation and operate
either in saturaticn {(ON) or in cutoff (OFF) condition. The trznsient
ssturation experienced by logic circuits as & result of nuclesr radia-
tion may force them into abnormal conditious or operating seqiences;
e.g., upon recovery from trarsient saturation, 4 flip-flop may or may

not assume the same logic condition which exist:d prior to rvadiation.




Thus, & flip-flop counter will recover to a random count after radia-
tion-induced saturation and resume sequential operation from that
peint. ihether this effect is critical or aot depends upon the system
in vhich 1t is used snd the sequential functions which it controls. If

this is criticsl, s square loop memory core may be used to provide

memory action after the cessstioa of fonizing radiation. i

Logic driving circuits used to read digital data into and out
of memory stores will also be ssturated snd, upon recovery, the nemory
locations so driven will contain random information. All of the dats

stored in s random access memory could be destroyed.

All commutating transistcrs, whose collectors are tied to a
common point and vhose emitters are each tied to a signe! scurce
{sensors), will te saturated simultsneously, thus shorting =ll drivicg
signals together.

Digilog switches, in digital-to-analog conversion circuits,
and logic switches which drive emitter followers, are valneralle to
transient radiation, since transistor saturation will short two power
supplies together throuvgh the transistors. Large filter capacitors
across the power-gsupply outputs may be undesirable since they provide

the digilog switches with enevrgy sources for large transient currents.

The decrease in beta, due to nuclear radiation, requires
that the base driving current be proportionately increased (as beta
decreases) to maintain a given collector-current loading. Thus,
hardened switching circuits must be driven quite hard into saturation
in normal operation so that they will be capable of being saturated

after beta degrades. This overdrive, however, has the effect of
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requiring a greater time to turn-OFF the transistor when bringing it
out of the ssturated stats. High-speed logic switches, therefore,
require special techniques to correct for this nuclear-hardening
overdrive in order to maintain the switchiug-speed capability. Some

of the hardening techniques may include low impedance circuitry. photo-
current compensation, emitter loading and a balanced pair of transis-

tors in the output stage.

The increase in Ico after nuclear radiation may be important
in logic switches. A ~everse base-emitter voltage is required to
keep the transistor cut off in the OFF state. This voltage is normally
provided through resistive dividing networks in the base circuit from
a reverse-bias power supply. The etfect of the leakage current, Ico,
is to bring the transistor cleser to conducticn. Since Ico increases
due to nuclear radiation, the reverse-bias hold-off networks must be mcre
effective, i.e., smaller resistor values and/or higher bias voltages

must be used.

A small iancrease in VBE due to nuclear radistion will tend
to decrease the voltage drop across the base-drive resistor and, :onse-
quently, tend to decrease the Lase-drive current. This effect is
compounded by a simultaneous heta degradation, as discussed previously.
To maintain a given level of brse-drive current after radiation, the
tase-drive circuit must be a lower impedance than that required for

preirradiation operation.

Increased VSAT due tc nuclear radiation decreases the ability
of the output of a saturated ON-state switch to hold a successive
transistor switch in the OFF state. To compensate for this effect,

the input base reverse-bias resistor network of the successive transistor
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suitch must be of lower impeduance than normsl thereby providing high
"hold-OFF current" and requiring less "hold-OFF current” from the
saturated state. This condition {f compounded by the increase .n

leakage current, whiich has tihe ssme system effect.

Teos
The nuclear cadiation effects of decreased forward-current-
gain characteristic (B) increased leskage current (lco),incteaoed base-to

)
T
sll require that logic switching circuits have "stronger' base-drive

eaitter voltage drop (VBEL and increased saturation voltage (VSA

networks to ensure swit.hing the transistor into the ON state and
have 'stronger' reverse-bias hold-off networks to ensure switching
the transistor into the OFF state. ''Stronger" networks imply lower
impedances and more current thereby requiring more power and

restricting fan-out.

The transient saturation experienced by both transictors in
a multivibrator, used to generate clock pulsaes, will not force them
into abnormal operating points since they normally operate in
saturation or cutoff. It will, however, force them into an abnormal
operating sequence since both transistors are not normally saturated
sinultaneously. Upon recovery from saturation, the circuit may assume
a random state but should function normally provided the transistors
are not damsged by transient-overload conditions. If the output side
of the multivibrator 18 loaded with an emitter-follower, then the
multivibrator emitter power Bupply may be shorted to the emitter-
follower collector power supply through the two transistors. Correction
of radiation effects on clock-pulse-generation are generally futile if
the logic circuits which use this clock pulse are similarly affected.
Then, for high radiation-rate and high-speed operation, 1ll circuits
must be inherently hardened.
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The decrease ir. 8 after nuclear radiation requires a stronger
base-drive capability to ensure zood switching conditions between the
tvo transistors. This effect can be minimized by reducing the R while
proportionally increasirg the C in the base RC driving network. It {s

assumed that the 8 1o great enough to maintain a regenerative loop.

The increase in leakage current (Ico) after nuclear radiation
will tend to load down the RC discharging network ca the transistor
base, thus increasing the frequency of clock-pulse generation. This
effect can be minimized by again reducing the base driving resistor

(R) while propertionally increasing C in the RC network.

The change in VBE after nuclear radiation will tend to slter
the frequency ~f clock-pulse generation, since the base RC circuit must
discharge to a different point before the OFF transistor begins to
conduct. This effect can be minimized by selecting a transistor whese
VBE does not change appreciably as a function of nuclear radiation and
by ensuring that the slope of the RC discharging waveshape is steep as

it resches the required voltagc-time relationship.,

The increase of the collector-to-emifter saturation voltage

(VSA
frequercy increase will be in proportion to the ratio of the increased

T) will increase the frequency of clock-pulse generation. The

vsAT ve the voltage normally switched at the collector of the transistor.
1f ciock frequency is controlled by a ciystal oscillator,

then the output phase, frequenzcy, and amplitude of the oscillatcr must

be considered in the design. This consideration must include shock and

temperature as well as ionization and degradation.
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6.4 Photocurrent Compensstion

The doxinant effect of {onizing radiation upon semiconductor
circuitry is the production of the primsry photocurrent (lpp) across
semiconductor juactions. Transistors used in linesr spplicstions will
swplify the primsry photocurrest induced in the base by tie beta gair
of the device. thus resulting in large collector voltage spikes.
Transistors in nonlinesr spplications will beta multiply the induced
base photocurrent in excess of that amount required to forward biass
the base Junction. Thus, s normally OFF circuit msy be induced to
svitch ON by the {oaizing radiation envirommen:z. In esch case the
circuit vill return to its cormslly biaced condition siter the
ionizing radfatioc environment has subsided.

Heutralization of the primery photocurrent msy be accomplished
in several ways. Increasing the OFF bias of nonlinear circuits is one
method of defeating the "turn-ON" effect of 1PP' This is rather
inefficient, however, since more base drive current must be supplied

from the source sigral when the circuit 1s to be "turned-ON" during

normsl circuit operation.

A more efficient technique is that of conpensltion‘ 3) vherein
a second semiconductor device is used in the circuit such that its
primery photocurrent opposes and caicels the unwanted primsary photo-
current. This technique is shown in Figure 4-6 where the photocurrent
of diode CR-1 is of such a polarity as to oppose and cancel the primary
photocurrent induced in the base of the transistor. Note that the
diode CR~1 is reversed biased and does not contribute to normal operation
of the total circuit. Its only functional contribution occurs during
ionizirg radistion. Such a technique as this can be effectively used

in linear cfrcuits as well as nonlinear circuits.
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Circuit for Compensation of Secendary Photocurrent
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Figure 4-7 illastrstes sncther technique for compensating
radiation-induced photocurrent effects. Both transistors are biased
in 8 linear opersting condition with the signel appliad to the lower
transistor, Qz. Consider the woltage at point Ve, The effect of & "
due to Ql alone, is tc force point Vb positive with respect to ground,
and the effect of ippz’ due to Qz alone, is to forcc -in: ?c aegative.
Thet:fore, if ipp effects are bslsaced, no effect is evidenc at point

Vo since the effects of Q1 and QZ canczl.

A third approach is fllustreted in Figure 4-8. The signal,
plus radiation noise, is injected at the base of Ql and is added to or
subtracted from the radistion-induces effect of Ql' The base of Q2
would be grouvnded through an appropriate impedsuce snd thus the only
signal coupled through QZ is the radfat on-ianduced effect in QZ' The
signals suvmred at point VG are the sigrnal plus noise injected (positive
signal assumed) at the base of Q, (this signal is inverted and amplified
by Ql)’ the radiation-iaduced si;nal in Ql itself (a negative signal),
and the radiation noise pulse from QZ that 1s amplified but oot
inverted (a positive signal). Therefore, 1f the positive noise signsl
from Q2 is equal to the twc negative noise signals summed at peint Vo,
then the remaining signal at point Vb is just the amplified signal
from the base of QI' Diode L, 1s included to help control the radia-

tion-induced currents.

Shunting the primary photocurrent (ipp)(a ) around the
collector impedance (Rl) may be accomplished as shown in Figure 4-9,
When the dose rate reaches 3 critical value Q1 turns ON and secondary
photocurrent (ippz) begins to flow, A direct short from +V to ground

(although small) wes omitted. Therefore R, i3

would be apparent I1f R 2

2
required to limit current.
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Si{=mi larly, the primary chotocurrent (1pp) may shunt %2 base-

enitter impedance ss shown in Figure 4-10. Notice that no emitter
current limiting resistor is required since R, limits the current
thrcugh both Q1 snd Q2 vhen Q1 is turned ON.

1

(4
Another technic :Fﬂuhere the primery photocurrent (1pp) is

shented to minimize curven:. - the enitter load (ll? is shown for the
switc circuit in Figure 4-11. Pr.mary photocurreant from Q2 (ipp) is
shunted to ground in the normaliy <a. 'rated common-emitter stage Ql'
Once ag&in it {s necessary to limit <-rrent by inserting n3 in the
collector of QZ'

4.5 Filtering

Relatively low-frequency circuitry can be hardened against
high-frequency transients ionizing radisation by using filtering tech-

niques in the same manner as for reducing the effects of noise.

The prin..y photocurrent induced by ionizing radiat!sa may be
considered as unwanted noise. The amplitude and duration of the primary
photocurrent are related to the intensity and duration of the fonizing
radiation. These effects may be likened to thcse of subjecting the
circuit to a noise environment. Thus, the circuit design techniques
used to defeat noise effects are also appliceble to defeat lonizing
radiation effects. Filtering, compensation, common mode rejeaction,
etc., are all to some degree effective against this portion of the

rediation envivonment.

An i{llustration of the power of the methods is the case of a

(s) which operated at a 10 MC clock rate through

an environment of 3 x iulo rad(Si)/s. At this level of radiation the

sampled data system
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Circuit for Shunting Primary Photocurrent
Around the Emitter Load
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very best of silicon semiconduc:or “devices will have iaduced primsry
photc:urrents in the order of 50 milliasy~ «3. Other less-resistant
sex=iconductors will experience induced grimary photocurrents of even

greater mugnitudes.

Figure 4-12 shous the hasic sample/iisld circuit designed for
a 3ampled de+= cvstem. Tne circuit is essentielly a threshold detector
filtered against the noise effectz of primary photocurreat. The
operating current of the tunnel diode is bizsed at zome value less
than that required to shift the operating point from the low forward-
volitage stace ts the high forward-voltage state. An input signal of
sufficient amplitude and durztion will shift the operating point to
the high forward-voltage state and thus be "detected'. Tha filter
capacitor prevents intense narrcw pulse-widths of induced primsry
photocu: ..nt from falsely switching the tunnel diode. The radiation-
induced gain degradation problem in transistors is eliminated, by
this sample/huld circuit technique, through use of the bistable tunnel
diode configuration.

Resistor R4 Is the bias resistor selected in value to bias

the tunnel diode at @ quiescent operating current, below the threshoid
current, by a value equal to that provided by the clock input signal
plus the data input signal. Capacitor C1 and resistor RS provide

coupling for the clock input signal.

Resistors Rl’ R,, and R, and computer diode Bl form the

2 3
input circuit which couples the date input signal to the basic filtered

threshold detector. Diode D, acts as a nonlinear clamp that prevents

1
an 'oversignal" from triggering the threshold detector even in the

absence of & clock signal input.
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Resistor ‘6 provides impedance isolation between the tunnel
diode ard the monitoring device connected to the output of th: sample/
hoid circuit. Capacitor c3 is a filter capacitor on the o.iput lead
to prevent external noise from being picked up, and appearing 2s a
fslse signal source to the tunnel diode.

Capacicor C, and diode D, are the radi::ion hardening elements

in the circuit. Clpicitot c2 acti as & high freguency filter to
suppress che unwanted primary photocurrent induced at the plate side
of the silicon tunnel diode DZ' The value of C2 is chosen as large as
possible without suppressing the 10 MC signal. Diode D, provides

radiation hardness by means of the ":ompensation' technique. The
primary photocurrent induced st the catanode of D3 is of a polarity to
arpose or cancel the primary photocurrent induced at the plate of
diode Dz. Compensating diode D3 is selected on the basis of having an
induced primary photocurrent equal in magnitude, insofar as possible,
to that induced in tunnel diode DZ'

4.6 Charge Control

A mejor contribution to circuit disturbance from transient
radiation i{s caused by the change of charge on capacitors due to
jonization of the capacitor dielectr‘lc.(6 ) By reducing the energy

stored in the capacitors, the response can be reduced.

Leakage occurs in capacitors both during and after irradia-
tion. The component of leakage existing after the ionization caused
by the prompt gamma spike is, in general, much less severe than that
experienced during irradiation. Examinatiun of the significance of
the prompt leakage of a capacitor upon circuit transients leads to

several important conclusions.
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Consider the equivalent circuit for a capacitor under irradia-

tion as shown in FPigure 4-13. The injectea current (1) willi be

considerably less than the leakage current through leakage resistancz

(RI) in those casec when the capacitor (C) is relatively large (>0.01upf)

and the applied voltage (V) is of a magnitude usually experienced in
circuits (5 to 50 volts). The injectad current (I) can, therefore, be
ignored in this discussion. The leakage admittance (1/81) during
radiation has been found to follow the relationship:

)
RI'K(Y)C

where
iz ¢tne radiation dose rate (rad(Si)/s)
~ 107 for inorganic capacitors

is the capecitance in farads

a O ® <

has been experimentally determined to lie between 0.7 and

1.0 for most generally used capacitors.

(4-1)

The voltage (v) on the capacitor at any time (t) during radia-

tion will be as shown*

N4
v =Y exp’tx(v)

The percentage change in the voltage on the capacitor during

a radiation impulse of constant amplitude znd 0.1 us in duration is

4-25
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given by:

_ -2, -
.-G (oo (4-3)

.

1£ ve assure C = 1 and solve for the dose rate at which (Av/v)L = 102,
we find ~hst:

_ .

"12(0.9) : 10 -5 (4-4)

or

g = 1.5 x 10 raa(si)/s

It is important to notice that the percentage discharge in the
voltage acrces the capacitor is independent of the capacitor value
(from Equation 4-2). This fact is verified experimentally by the data
shown in Figure 4-14 in which a number of capacitor responses are
aorzslized and plotted against the capacitor sizes. 1t should be noted
that the capacitor values range over two orders of magnitude while the
change in voltage on the capacitors deviates from a constant by only
20 percent. All capacitors tested used the same dielectric so that K
did not change between units.
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From Equation 4-2 it can be seen that .he transient voltage
developed (v) will be zero if the quiescent voltage (V) on the capacitor
is also zero. In fact, the direction and magnitude of the transient
may be changed at will be changing V. A technique for reduciug circuit
disturbances where V is a design value is {mmediately cbvious. That
is, in any circuit vhere the frequency response is shaped by an RC
time constant, the gamme transient response of the capacitor can be
reduced significantly by reducing the quiescent voltage and, therefore
the stored energy in it to zero. Figure 4-15 shows the response
observed at the collector of transistor Q. vhen the coupling capacitor,
Cz, of Figure 4-16 was exposed to ttaneie;t ionizing radiation and the
initial voltage on the capacitor changed from +28 volts dc (bottom
trace) to -12 volts dc (top trace). The circuit response is seen to

vanish where the initial voltage on the capacitor is zero.

4.7 Reducing Time Constants

Three general methods may be employed to harden linear

amplifiers to ionizing radiation. These methods are:

. Reduce electrical settling time or overiocad time to the

same order as that of the prompt gamma transient.

. Reduce component effects by careful selection of radiaiion

insensitive devices.

. Keep current levels high and impedances low wherever

possible.

The immediate result of the first method {8 to reduce the time

duration of the radiation~induced circuit disturbances to the same time
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regime as that of individual ccoponents. Some of the most commonly
used circuit configurstions exaibit prolonged radiation recovery.

To observe the effects of the many time constants present in typical
linear amplifier circuits, one need only examine the circuit transition
from de-energized condition to operating condition when power is
spplied. While this test is rather severe, it does indicate the

circuit areas which are responaible for long circuit relaxation periods.

The circuit time constants which determine the transition to
operating conditions (typically coupling and bypass capacitors, trans-
formers, etc.) are also those which determine the recovery mode from
radiation disturbance. Of particular irterest, are .he time constants
assoclated with the first stages of an amplifier since their effects
are greatly exaggerated by circuit gains. The elimination of such time
constants, as & possible hardening technique, places some reatrictions
on the circuit designer. However, seldom are these restrictions so
severe as to preclude efficient design. 1t {s almost always practical
te directly couple stages in order to eliminate coupling capacitors
and to employ differential stages to eliminate bypass capacitors. The
frequency response shaping accomplished by the coupling and bypass
capacitors may be performed in following stages or, preferably, at
the amplifier output., If all time constauts (or at least those associ-
ated with the low frequency response of the amplifier) are transferred
to the circuit output, minimum settling time or overload recovery time
will result. The circuit disturbance duration, in front of the
frequency shaping networks, will be reduced to nearly that of the

individual components,

From this point, further gains in hardness may be obtained by

using the best available components and reducing the refative magnitude
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of radiation responses with respect to nominal signal levels. Low
circuit impedances will reduce the relative effects of ionization
leakage paths. HMNormally high operating signal currents will tend to
minimize the effects of replacement currents. BEmployment of linear
cancellation currents or common-mode rejection techniques may afford
some further hardness, but are not ccnsidered as primary hardening
techniques, since results are quite erratic because of sensitivity

to geometry and individua: device responses.

4.8 Magnetic Devices

Since magnetic devices are very radiation resistant, they
offer many advantages in radiation hardened circuit design. A few

of the design techniques are listed below:

. Inversion - The common emitter amplifier is normally
used to invert ac signals. The transient response of
the common emitter stage can be eliminated by using a

transformer to invert the ac signal.

. Memory - A conventional bistable flip-flop may use a
square loop memory core to provide memory action

after the transient radiation disturbance.

Differential - A differential transformer can perform
the same algebraic subtraction as any differential
bipolar transistor circuit with less effects from

the ionizing radiation.

4.9 Summary

A summary of the potentially vu.nerable situations that may

et atireinh BSIR EIN A b CAR



occur in circuits and other areas of concern is presented in Tabtle &4-2.
1t is assumed that the basic hardening technique of component selection
has slready been applied based on guidelines given in the sections

discussing the specific component areas.

TABLE 4-2. Possible Rsdistion Hardening Techniques

Vulnerasble Situstion

(Radiation Induced) Possible Fixes
Short circuits in complimentary - Current limit energy source
pair transistors (dc-dc converters, - Add current limiting resistors
encoders, complimentary drivers) or magnetic circuitry
Sneek ghort circuit paths in ~ Current limit power suppiies with resistors
integrated circuits and excessive and/or reactors
substrate currents - Use dielectric isolated IC's
Enargy storage elements shunted - Add current limiting resistors
by back biased semiconductors - Redesign capacitor input

filters

Oscillator and flip-flop sticking®¥ - Insure self starting after
radiation transient

Serfes pass transistor overload = Add current limiting

in regulators - Circumvent - shunt away excess
current

Abnormal sequencing -~ Circumvent - do not allow

any sbnormal forcing
- Automatic raset

Memory disturbances - Reacquisition
- Circumvention
- Herd memory

Integrated circuit latch-up - Radigtion screening
- Power shut down
- Use dieiectric isolation

Prolonged circuit recovery ~ Reduce time constants
- Keep currerts high and
impedances luw

*Sticking 1is failure to restatt
or reset arter irradistion
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